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 Chapter 1 
Summary 
 
Brain capillary endothelial cells (BCECs), the cells that form the actual blood-
brain barrier (BBB), differ from endothelial cells in other capillary beds by their large 
number of interendothelial tight junctions and a low level of transcytosis. Extensions 
of astrocytes cover over 90 % of the abluminal surface of brain capillary endothelium. 
They are believed to induce the barrier characteristics which render the brain capillary 
endothelium the least permeable of all vessels in the body. Ionic and molecular 
movements over the BBB thus rely on specific transport mechanisms. The regulation 
of the permeability of the BBB is currently a topic of large experimental and clinical 
interest as this barrier may be broken down in pathological conditions such as brain 
trauma, tumors or ischemia, and it is furthermore a major obstacle impeding treatment 
of brain diseases.  
Astrocytes are no longer considered as passive supportive cells in the brain. 
Recent studies have revealed a myriad of functions performed by these cells. A 
striking feature is their very extensive gap junctional coupling, allowing the exchange 
of metabolites and second messengers. Astrocytic intercellular calcium (Ca2+) wave 
propagation, that has been observed both in vitro and in hippocampal slices, requires 
the presence of these gap junctions and relies on the intercellular diffusion of the Ca2+ 
mobilizing second messenger IP3. Depending on the nature of the stimulus used to 
evoke an intercellular Ca2+ wave, also an extracellular factor, most likely ATP, is 
involved. The endothelial regulation of the intracellular free Ca2+ concentration 
([Ca2+]i) has also been extensively studied and the [Ca
2+]i in these cells has 
furthermore since long been implicated as a messenger influencing BBB permeability. 
To study Ca2+ signaling in and between both cell types composing the BBB, 
two in vitro co-culture models were developed. In both co-culture systems primary rat 
cortical astrocytes were used. As for the endothelial cells, most of the co-cultures were 
prepared with ECV304 cells that develop into a BBB phenotype upon co-culture with 
astrocytes. The major observations were confirmed in co-cultures of astrocytes and 
primary rat BCECs, an in vitro two dimensional reconstruction of the rat BBB. 
  In the present work we showed that intercellular Ca2+ waves can mediate 
astrocyte-endothelial Ca2+ signal communication both using ECV304 cells1 and 
BCECs2. It appears that two signaling pathways are involved in astrocyte-ECV304 
Ca2+ wave propagation. A first mechanism requires gap junctions and is related to 
intercellular diffusion of the Ca2+ mobilizing messenger IP3 as studied with flash 
photolysis of caged IP31. A second pathway is extracellular and involves extracellular 
diffusion of a purinergic messenger as studied with the purinergic inhibitors apyrase 
and suramin2. The purinergic pathway in astrocyte-ECV304 Ca2+ wave propagation is 
relevant to the native BBB as purinergic receptors are very abundant on primary 
BCECs3. A role for an intracellular pathway involving IP3 diffusion through gap 
junctions is unclear at present as primary BCEC cultures do not seem to propagate 
mechanically triggered intercellular Ca2+ signals3 and as gap junctions between 
astrocytes and BCECs have not yet been detected at the BBB. The existence of the 
two Ca2+ signaling pathways mentioned was confirmed in HeLa cells and their 
subcellular characteristics and differences were further studied4. HeLa cells, that do 
not express functional gap junctions, propagate intercellular Ca2+ waves through an 
extracellular released purinergic messenger. These cell-to cell propagating Ca2+ 
signals were characterized by initiating Ca2+ puffs associated with the perinuclear 
endoplasmic reticulum. A separate set of experiments was performed on HeLa cells 
that were transfected with GFP-labeled connexins to express functional gap junctions. 
In the presence of the ATP-degrading enzyme apyrase (dissecting out the purinergic 
pathway) Ca2+ signals were propagated between cells at the sites of the gap junctions, 
which convincingly demonstrated the involvement of gap junctions in intercellular 
Ca2+ wave propagation in transfected HeLa cells. As to their (patho)physiological role, 
astrocytic-endothelial Ca2+ waves may play a role in the signaling cascade following 
neurotrauma because single astrocyte damage triggers Ca2+ waves that travel several 
100 mm and are communicated to ECV304 cells5. An extracellular purinergic Ca2+ 
signaling pathway is involved in the propagation from astrocytes to endothelial cells 
as these Ca2+ signals were able to cross a cell-free lane, were dose-dependently 
inhibited by suramin, a purinoceptor blocker, and largely reduced in size by the ATP-
degrading enzyme apyrase. Our results also suggest that astrocytic intercellular Ca2+ 
waves may be accompanied by and contribute to some of the ionic shifts observed in 
 the brain in vivo upon traumatic brain injury6. We noticed especially that mechanical 
damage of astrocytes not only produces far propagating Ca2+ signals, but also 
propagating changes of the intracellular sodium concentration that extend over about 
one third of the distance traveled by the Ca2+ wave. 
We draw the overall conclusion that astrocytes can exchange intercellular Ca2+ 
signals with endothelial cells at the level of the BBB, either through IP3 diffusion 
through gap junctions, more likely through extracellular diffusion of a purinergic 
messenger, or both, depending on the nature of the triggering stimulus. Development 
of refined imaging of [Ca2+]i using confocal microscopy in brain slices or even in the 
brain in vivo will have to be awaited to validate our current hypothesis. Further work 
will be needed to establish the role and function of intercellular Ca2+ signals at the 
BBB. 
 
 
 Samenvatting 
 
De endotheelcellen van hersencapillairen verschillen van endotheelcellen in 
andere capillaire vaatbedden door de aanwezigheid van een groot aantal 
interendotheliale tight juncties en een beperkte transcytose. Ze zorgen derhalve voor 
een barrière tussen het bloed en het hersenweefsel, de zogenaamde bloed-
hersenbarrière. Uitlopers van astrocyten bedekken meer dan 90 % van de abluminale 
oppervlakte van het hersencapillairendotheel. Men neemt aan dat de astrocyten een 
inducerende invloed hebben op de barrière-eigenschappen van de endotheelcellen van 
hersencapillairen, waardoor deze laatste de minst permeabele van alle bloedvaten zijn 
bij de mens. Het transport van ionen en moleculen over de bloed-hersenbarrière is dus 
afhankelijk van specifieke transportmechanismen. Er gebeurt actueel veel onderzoek 
naar de regulatie van de permeabiliteit van de bloed-hersenbarrière. De bloed-
hersenbarrière kan namelijk worden verbroken in een aantal pathologische condities 
zoals bij hersentrauma, hersentumoren of ischemisch cerebrovasculair accident. 
Daarenboven vormt de intacte bloed-hersenbarrière dan weer een belangrijk obstakel 
in de behandeling van een aantal hersenaandoeningen doordat ze het transport van 
drugs naar het hersenweefsel limiteert.  
Astrocyten worden niet langer beschouwd als passieve steuncellen in de 
hersenen. Recente studies hebben tal van andere functies voor astrocyten aan het licht 
gebracht. Astrocyten zijn opvallend goed gekoppeld door middel van gap juncties die 
de uitwisseling van metabolieten en second messengers toelaten. Astrocytaire 
calciumsignalen kunnen intercellulair propageren als een calciumgolf. Dit fenomeen, 
dat zowel in vitro als in hippocampale slices werd waargenomen, vereist de 
aanwezigheid van gap juncties en berust op de intercellulaire diffusie van de second 
messenger IP3, welke intracellulair calcium doet vrijstellen. Afhankelijk van de aard 
van de stimulus die wordt gebruikt  om de intercellulaire calciumgolf op te wekken, is 
ook een extracellulaire factor, meest waarschijnlijk ATP, werkzaam. De endotheliale 
regulatie van de intracellulaire calciumconcentratie werd ook reeds uitvoerig 
bestudeerd en daarenboven werd de intracellulaire calciumconcentratie in deze cellen 
reeds lang beschouwd als een regulator van de bloed-hersenbarrière permeabiliteit. 
 We ontwikkelden twee in vitro co-cultuur modellen om calciumsignalisatie te 
bestuderen in en tussen de twee celsoorten van de bloed-hersenbarrière. In beide co-
cultuur systemen werden primaire astrocyten van rattehersenen gebruikt. Voor wat 
betreft de endotheelcellen, werden de meeste co-culturen bereid met ECV304 cellen 
die een bloed-hersenbarrière fenotype ontwikkelen in co-cultuur met astrocyten. De 
belangrijkste observaties werden bevestigd in een co-cultuur van astrocyten en 
primaire endotheelcellen geisoleerd uit de hersencapillairen van de rat, i.e. een in vitro 
twee-dimensionele reconstructie van de bloed-hersenbarrière van de rat. 
 In ons werk hebben we aangetoond dat intercellulaire calciumgolven een 
vorm van astrocyt-endotheliale calciumsignaal communicatie uitmaken, zowel 
gebruik makend van ECV304 cellen1 en primaire endotheelcellen geisoleerd uit de 
hersencapillairen van de rat2. Klaarblijkelijk zijn er twee signalisatie routes betrokken 
bij astrocyt-ECV304 calciumgolf propagatie. Een eerste mechanisme vereist de 
aanwezigheid van gap juncties en berust op de intercellulaire diffusie van de calcium 
mobiliserende second messenger IP3 zoals blijkt uit studies met flash photolysis van 
caged IP31. Een tweede, extracellulaire route berust op de extracellulaire diffusie van 
een purinerge messenger zoals blijkt uit studies met de purinerge inhibitoren apyrase 
en suramine2. De talrijke aanwezigheid van purinerge receptoren in de celmembraan 
van primaire hersencapillairendotheelcellen van de rat suggereert een rol voor deze 
purinerge route in astrocyt-ECV304 calciumgolf propagatie ter hoogte van de bloed-
hersenbarrière3. Een rol voor een intracellulaire route bestaande uit IP3 diffusie 
doorheen gap juncties is onduidelijk op het ogenblik aangezien primaire 
hersencapillairendotheelcel culturen geen mechanisch geïnduceerde intercellulaire 
calciumsignalen lijken te propageren3 en aangezien gap juncties tussen astrocyten en 
hersencapillairendotheelcellen nog niet gedetecteerd zijn ter hoogte van de bloed-
hersenbarrière. Het naast elkaar bestaan van de twee hierboven vermelde 
calciumsignalisatie routes werd bevestigd in HeLa cellen en hun subcellulaire 
karakteristieken en verschillen werden in detail bestudeerd4. HeLa cellen, welke geen 
functionele gap juncties tot expressie brengen, propageren intercellulaire 
calciumgolven via een extracellulair vrijgestelde purinerge messenger. Deze 
calciumsignalen welke propageren van cel tot cel, zijn gekarakteriseerd door 
initiërende ”calcium puffs” geassocieerd met het perinucleaire endoplasmatisch 
 reticulum. Een aparte reeks experimenten werd verricht op HeLa cellen die werden 
getransfecteerd met GFP-gelabelde connexines en derhalve functionele gap juncties 
tot expressie brengen. In de aanwezigheid van het ATP-degraderende enzyme apyrase 
(waardoor de purinerge route als het ware werd uitgedisseceerd) propageerden 
calciumsignalen tussen cellen ter hoogte van de gap juncties. Deze experimenten 
toonden de rol voor gap juncties overtuigend aan in intercellulaire calciumgolf 
propagatie in getransfecteerde HeLa cellen. De (patho)fysiologische rol van 
astrocytaire-endotheliale calciumgolven is nog onduidelijk. Mogelijks spelen ze een 
rol in de cascade die volgt op een neurotrauma aangezien een beschadiging van één 
enkele astrocyt reeds calciumgolven triggert die zich honderden micrometer ver 
spreiden en worden voortgeleid naar ECV304 cellen5. Een extracellulaire purinerge 
calciumsignalisatie route is betrokken bij de propagatie van astrocyten naar 
endotheelcellen aangezien deze calciumsignalen een celvrije strook in de cultuur 
konden overbruggen, aangezien er een dosis-afhankelijke inhibitie was door suramine, 
een purinoceptor antagonist, en aangezien ze in belangrijke mate werden gereduceerd 
in grootte door het ATP-degraderende enzyme apyrase. Onze resultaten suggereren 
ook dat astrocytaire intercellulaire calciumgolven kunnen gepaard gaan met en 
betrokken zijn in het genereren van sommige ionaire veranderingen die men 
observeert in hersenweefsel in vivo na traumatische hersenbeschadiging6. We leerden 
uit onze experimenten dat mechanische beschadiging van astrocyten niet allen leidt tot 
verreikende  calciumsignalen, maar ook tot propagerende veranderingen van de 
intracellulaire natriumconcentratie, die waarneembaar waren tot ongeveer één derde 
van de afstand afgelegd door de calciumgolf. 
Samengevat kunnen we stellen dat astrocyten intercellulaire calciumsignalen 
kunnen uitwisselen met endotheelcellen ter hoogte van de bloed-hersenbarrière, hetzij 
door IP3 diffusie doorheen gap juncties, hetzij door de extracellulaire diffusie van een 
purinerge messenger, of beide. De ontwikkeling van beeldvorming van de 
intracellulaire calciumconcentratie met confocale microscopie in hersencoupes of 
zelfs in de hersenen in vivo is noodzakelijk voor het valideren van onze hypotheses. 
De rol en functie van deze intercellulaire calciumsignalen ter hoogte van de bloed-
hersenbarrière blijven ter studie. 
 Résumé 
 
Les cellules endothéliales des capillaires cérébraux, qui forment la barrière 
hémato-encéphalique, diffèrent des cellules endothéliales d' autres lits capillaires par 
le grand nombre de jonctions serrées entre les cellules endothéliales et un niveau bas 
de transcytose. Les extensions d' astrocytes couvrent plus de 90 % de la surface 
abluminale des cellules endothéliales des capillaires cérébraux. On croit qu'ils 
déterminent les caractéristiques de barrière qui rendent le capillaire cérébral le moins 
perméable de tous les capillaires du corps. Des mouvements ioniques et moléculaires à 
travers la barrière hémato-encéphalique reposent ainsi sur des mécanismes spécifiques 
de transport. La régulation de la perméabilité de la barrière hémato-encéphalique est 
actuellement un sujet de grand intérêt expérimental et clinique. Cette barrière peut être 
détruite dans des conditions pathologiques tels que le trauma cérébral, des tumeurs ou 
l’ ischémie, et c'est en outre un obstacle majeur au traitement medicamental de 
maladies cérébrales. 
Les astrocytes ne sont plus considérés comme des cellules passives dans le 
cerveau. Des études récentes ont révélé une myriade de fonctions exécutées par ces 
cellules. Les astrocytes démontrent un très large couplage par jonctions perméables 
(ou “jonctions gap”), permettant l' échange de metabolites et de seconds messagers. La 
propagation des ondes intercellulaires du calcium, qui a été observée tant dans des 
cultures d’ astrocytes in vitro que dans des tranches d’ hippocampe, exige la présence 
de ces jonctions perméables et compte sur la diffusion intercellulaire de l’ IP3, second 
messager qui mobilise le calcium dans la cellule. Selon la nature du stimulus utilisé 
pour évoquer les ondes intercellulaires de calcium, un facteur extracellulaire, très 
probablement l’ ATP, est aussi impliqué. La régulation de la concentration libre de 
calcium dans la cellule endothéliale a également été largement étudiée et le calcium 
libre dans ces cellules a en outre depuis longtemps été impliqué comme un messager 
influençant la perméabilité de la barrière hémato-encéphalique.  
Pour étudier la signalisation du calcium dans et entre les deux cellules 
composant la barrière hémato-encéphalique, deux modèles de co-culture in vitro ont 
été développés. Dans les deux systèmes de co-culture les astrocytes corticaux 
primaires du rat ont été utilisés. Quant aux cellules endothéliales, la plupart des co-
 cultures ont été préparées avec les cellules ECV304 qui se développent dans un 
phénotype de la barrière hémato-encéphalique sur la co-culture avec des astrocytes. 
Les observations principales ont été confirmées dans les co-cultures d' astrocytes et 
des cellules endothéliales primaires des capillaires cérébraux du rat, une 
reconstruction in vitro en deux dimensions de la barrière hémato-encéphalique du rat. 
Dans le présent travail nous avons montré la propagation des ondes 
intercellulaires de calcium entre les astrocytes et les cellules ECV3041 ou les cellules 
endothéliales primaires des capillaires cérébraux du rat2. Il apparaît que deux voies de 
signalisation sont impliquées dans la propagation d’ ondes intercellulaires de calcium 
entre les astrocytes et ECV304. Un premier mécanisme exige les jonctions perméables 
et la diffusion intercellulaire d’ IP3  comme étudié par photolyse au flash de caged-
IP31. Une seconde voie est extracellulaire et implique la diffusion extracellulaire d' un 
messager purinergique comme étudié avec les inhibiteurs apyrase et suramine2. La 
voie purinergique dans la propagation de l’ onde de calcium dans le système astrocyte-
ECV304 concerne la barrière hémato-encéphalique, puisque des récepteurs 
purinergiques sont abondants sur les cellules endothéliales primaires des capillaires 
cérébraux3. Un rôle pour une voie intracellulaire impliquant la diffusion de l’ IP3 par 
des jonctions perméables est peu clair à present; en effet, des cultures primaires de 
cellules endothéliales de capillaires cérébraux ne semblent pas propager des signaux 
intercellulaires de calcium déclenchés mécaniquement3; de plus les jonctions 
perméables entre astrocytes et les cellules endothéliales des capillaires cérébraux n'ont 
pas encore été détectées dans la barrière hémato-encéphalique. L' existence des deux 
voies de signalisation de calcium mentionnées a été confirmée dans des cellules HeLa 
et leurs caractéristiques subcellulaires ont été étudiées de manière approfondie4. Les 
cellules HeLa, qui n'expriment pas des jonctions perméables, propagent les ondes 
intercellulaires de calcium grace à un messager purinergique libéré dans le milieu 
extracellulaire, caractérisées par des bouffées (“puffs”) de calcium associées au 
reticulum endoplasmique perinucleaire. On a étudié séparément les cellules HeLa 
transfectées avec des connexines fluorescentes pour exprimer des jonctions 
perméables. En présence de l' enzyme apyrase (dégradant l’ ATP et neutralisant la 
voie purinergique) les signaux calciques ont été propagés entre des cellules aux sites 
des jonctions perméables, ce qui a démontré de façon convaincante la participation 
 des jonctions perméables dans la propagation d’ ondes intercellulaires de calcium dans 
des cellules HeLa transfectées. Quant à leur rôle (patho)physiologique, la propagation 
des ondes de calcium entre astrocytes et cellules endothéliales peut jouer un rôle dans 
la cascade de signalisation après neurotrauma: en effet, la destruction d' un seul 
astrocyte déclenche une onde intercelullaire de calcium qui se propage sur plusieurs 
centaines de micromètres et est transmise aux cellules ECV3045. La voie 
extracellulaire purinergique est impliquée dans la propagation des astrocytes aux 
cellules endothéliales, vu que ces signaux sont capables de traverser une zone sans 
cellules, sont inhibés par la suramine  et sont en grande partie réduits par l' apyrase. 
Nos résultats suggèrent aussi que les ondes intercellulaires de calcium peuvent être 
accompagnées par et contribuent à certains changements ioniques observés dans le 
cerveau traumatisé6. Nous avons remarqué particulièrement que la destruction 
mécanique d' astrocytes produit non seulement la propagation de signaux de calcium, 
mais aussi de changements de concentration du sodium intracellulaire qui s’étendent 
sur environ un tiers de la distance parcourue par l’ onde de calcium. 
Nous tirons la conclusion que les astrocytes peuvent échanger des signaux 
intercellulaires de calcium avec des cellules endothéliales au niveau de la barrière 
hémato-encéphalique, par la diffusion d’ IP3 par des jonctions perméables, plus 
probablement par la diffusion extracellulaire d' un messager purinergique, ou les deux, 
selon la nature du stimulus déclenchant. Le développement d' imagerie raffinée de 
calcium utilisant la microscopie confocale dans des tranches cérébrales ou même dans 
le cerveau in vivo est attendu pour valider notre hypothèse actuelle. Un travail 
complémentaire sera nécessaire pour établir le rôle et la fonction des signaux 
intercellulaires de calcium au niveau de la barrière hémato-encéphalique. 
 Chapter 2 
Introduction 
Considerable progress has been made in terms of understanding the basic 
morphology and key functional properties of the BBB that separates the brain from the 
general circulation. Its function mainly relies on interaction between its two major 
components, astrocytes and endothelial cells. It is known that the barrier 
characteristics reside in the numerous tight junctions that are formed between 
endothelial cells and in a low level of endothelial transcytosis. The tight junctions are 
induced by the brain microenvironment as developing capillaries grow into embryonal 
brain tissue. Recent research has shown that soluble factors released by astrocytes (so-
called astrocyte-derived factors) are involved in this inductive process. The barrier 
may however be lost upon certain insults to the brain such as traumatic brain injury 
and brain tumors, leading to the development of brain edema. The brain has the 
remarkable capacity to restore the normal barrier within certain limits. Both processes, 
loss and restoration of the BBB, are the subject of intense research. First, 
understanding of these phenomena could ultimately lead to prevention and treatment 
of life threatening brain edema. Second, it may sometimes be desirable to overcome 
the BBB to deliver therapeutic drugs to the brain that would normally be excluded. 
 
For most of the past century, glia were considered to be non-excitable 
supportive cells. However, the demonstration that astrocytes react to various stimuli 
with an increase of intracellular free Ca2+ concentration and communicate cell-to-cell 
propagating Ca2+ signals, called intercellular Ca2+ waves, suggested that they could 
have other important roles in the central nervous system. Moreover, the latter 
intercellular Ca2+ waves also propagate between different cell types, e.g. between glia 
and neurons. Thus, intercellular Ca2+ waves appear to be an important mechanism of 
heterotypic cell communication and may carry information across biological interfaces 
that are composed of different cell types such as the BBB. Little is known concerning 
the dynamic signaling pathways between astrocytes and endothelial cells at the BBB 
and we hypothesized that intercellular Ca2+ waves could function as a dynamic signal 
 between these two cell types. To explore this hypothesis, intercellular Ca2+ signaling 
was investigated in vitro in co-cultures of astrocytes and endothelial cells. 
 
The overall hypothesis of the present work is that intercellular Ca2+ 
signals can be communicated between astrocytes and endothelial cells, and thus 
form a potential communication pathway between these two cell types that 
together form the blood-brain barrier. 
 Chapter 3 
Literature 
1. The blood-brain barrier 
a) the concept of a blood-brain barrier 
The concept of a barrier between the blood and the brain tissue was developed 
in the late 19th century by the German bacteriologist Ehrlich (Fig. 1). He noticed that 
certain dyes, when injected into the bloodstream of small animals, stained all organs 
but failed to stain the brain tissue7. Goldman, one of Ehrlich’s students, injected the 
dye trypan blue directly into the 
cerebrospinal fluid of rabbits and 
dogs. The dye stained all of the 
brain tissue, but did not reach the 
bloodstream and thus did not stain 
any internal organs. Goldman 
rightfully concluded that the blood 
and brain were separated by a 
barrier8. In the 1960’s the 
anatomical correlate for this barrier 
was found in the BCECs9. 
 
 
 
b) the anatomy of the blood-brain barrier 
The brain is supplied by a constant blood flow of 50 mL per minute per 100 
grams brain tissue10. The circulus of Willis at the base of the brain distributes the 
blood with equal pressure over the brain and the exchange of oxygen and nutrients for 
CO2 and metabolites takes place at the level of the brain capillaries. An average 
estimate for the surface area of the BBB is 100 cm2/g of brain tissue10.  
A
B
 
Figure 1. Classical experiments of Ehrlich 
and Goldmann. A. Injection of trypan blue 
into the bloodstream stains all tissues except 
for brain tissue. B. Intrathecal injection of 
trypan blue stains all central nervous tissues 
but no other tissue.  
 The total length of the brain capillaries is 
estimated at more than 500 km and their 
surface is estimated to be almost 3 
square meter10. The brain is thus very 
vulnerable for external noxious stimuli 
and therefore protected by a selective 
barrier. The basis of the tightness of the 
BBB lies within the presence of 
numerous zonulae occludentes or tight 
junctions that are present between 
endothelial cells of brain capillaries 
which render the brain capillaries the 
least permeable of all vessels in the body 
(Fig. 2). Astrocytes cover the entire 
length of the brain capillaries with their 
foot processes and help to induce tight 
junctions between the endothelial cells, 
either through direct cell-cell 
contact12,13 or diffusable trophic factors (astrocyte-derived factors)14. BCECs also 
differ from endothelial cells in other vessels by their very limited rate of transcytosis. 
BCECs and astrocytes are separated by a continuous basement membrane. Gap 
junctions or other membrane specializations have not been shown at the interface 
between BBB astrocytes and endothelial cells15. Pericytes are a cell type that is 
present scattered within the basement membrane that separates astrocytes and 
endothelial cells and has received little attention in the literature so far. They are 
believed to be developmentally related to smooth muscle cells and they have been 
ascribed functional roles in microvascular contractility, regulation of endothelial cell 
activity and macrophage activity16. 
c) Tight junctions 
Several proteins have now been isolated that are involved in tight junction 
formation17. The first two to be isolated were the peripheral (i.e. cell membrane 
 
Figure 2. Anatomy of the BBB: The BBB 
consists of endothelial cells (E), separated 
from astrocyte (A) extensions, called end-
feet, by a basement membrane(BM). A 
third cell type, the pericytes (P), is found 
within this basement membrane11.        
 Tight junction. 
 
 associated) proteins ZO-1 (220 kD) and ZO-2 (160 kD) proteins (Fig. 3). The structure 
of tight junctions was however only understood after the isolation of the 
transmembrane protein occludin. Based on a hydrophilicity plot it is assumed that 
occludin has 4 transmembrane segments in its NH2 terminus half. 
A current concept is that the C 
terminal tail of occludin 
interacts with ZO-1, which 
itself is bound to ZO-2. There is 
also a molecular link with actin 
filaments of the cytoskeleton 
through spectrin tetramers. 
Meanwhile several other 
proteins were shown to be tight 
junction associated, such as 
ZO-3 protein, cingulin, 7H6 
protein and claudins18. The exact role of each of these proteins remains to be 
elucidated but they appear to be involved in tight junction formation, maintenance and 
regulation. The interaction of tight junction proteins from neighboring cells leading to 
tight junction formation is not fully understood. It is however known that tight 
junctions in the endothelial cells of the BBB are highly sensitive to ambient factors 
allowing modulation of the barrier. 
d) functional properties of the blood-brain barrier 
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Figure 3. Tight junction proteins: ZO-1, ZO-2 and 
occludin. Not shown: ZO-3, claudins, cingulin and 
7H618.  
 
21 43 5
BLOOD
BRAIN
1. Limited paracellular transport
2. Limited pinocytosis
3. Active inwardly transport
4. Active outwardly transport
5. Passive lipophilic transport
 
Figure 4. Functional properties of BBB endothelial cells. 
 The presence of numerous interendothelial tight junctions and the low rate of 
endothelial transcytosis at the BBB greatly reduces the paracellular transport of 
molecules. Nevertheless, the BBB is far from absolute. It actually behaves as a semi-
permeable membrane (Fig. 4). Molecules can cross the BBB by two mechanisms19. A 
first mechanism is the passive diffusion of molecules, which is based on their 
hydrophilicity, molecular weight and electrical charge. In general, lipophilic 
molecules with a molecular weight below 400-600 Dalton can easily pass the BBB. 
The transport of several molecules does however not comply to the kinetics of passive 
transport and is achieved through transporters20. Several inward transporter systems 
have been described that allow molecules such as D-glucose21, amino acids22, 
nucleosides23, vitamins24, transferrin and other peptides25, organic cations26 and 
monocarboxylic acids (lactic acid and ketone bodies)27 to be accumulated in the brain 
tissue by a process of facilitated diffusion. Outward transport systems have also been 
described  at the level of the BCECs, most importantly P-glycoprotein28 and multi-
drug resistance proteins20, which actively pump a number of lipophilic substances 
back into the blood-stream. These efflux transporters prevent nonessential compounds 
from entering the brain and have a detoxification function. This action however forms 
a particular obstacle in the use of drugs to treat diseases of the central nervous system 
(such as cytostatics to treat neoplasms) as it prevents high tissue concentrations of 
these drugs. 
2. Astrocytes 
a) Isolation of astrocytes 
Astrocytes have been cultured from a variety of species, including human, 
chicken, bovine, rat and mouse. Fetal, neonatal and adult brain have been used for this 
purpose. The majority of experiments have been performed on rat and mouse brain 
astrocytes29. Glial cells can easily be separated from neonatal rat brain using a 
protocol as described by McCarthy and de Vellis30. In culture, these cells organize 
into two layers. The bottom layer mainly consists of astrocytes type 1, while the top 
layer consists of O2A cells, precursor cells that can develop into oligodendrocytes or 
astrocytes type 2. The top layer can easily be removed by mechanically shaking the 
 culture, leaving behind an enriched culture of type 1 astrocytes that are easily 
identified by immunostaining. The intermediate filament glial fibrillary acidic protein 
(GFAP) is very abundant and exclusively present in the cytoplasm of astrocytes. Anti-
GFAP antibodies are commercially available for several commonly used laboratory 
animals.  
b) Roles for astrocytes in the brain 
Astrocytes, and glial cells in general, have long been considered to be passive 
supportive cells as they lacked action potentials typical of neurons (the word glia is 
actually derived from the Greek word for glue). Astrocytes greatly outnumber other 
cell types in central nervous tissues. Astrocytes constitute about 80% of mammalian 
brain cells and the total mass of the brain consists of about 50 % glial cells31. The 
availability of cell culture and identification of isolated astrocytes has greatly 
contributed to the elucidation of numerous astrocyte functions. When neurons and 
glial cells are lost upon damage to the adult brain, neurons cannot be regenerated 
whereas astrocytes will quickly proliferate and fill in the gap, resulting in a so-called 
glial scar. Astrocytes are important for the induction of interendothelial tight junctions 
and BBB related enzymes13 in the brain capillaries, either through direct contact or 
through release of soluble factors. The nature of these inductive factors has not been 
elucidated yet although they have been preliminary characterized14,32,33.The 
predominant membrane conductance in glial cells is associated with K+ channels. As 
neurons fire action potentials, K+ is being released in the extracellular space. To 
prevent the neuronal membranes to depolarize, the extracellular potassium 
concentration ([K+]e) is quickly restored by K
+ being taken up by the astrocytes that 
act as a sink by redistributing the K+ through the astrocytic network formed by 
intercellular gap junctions. This phenomenon is called spatial K+ buffering34. 
Astrocytes are also involved in the synthesis and metabolism of hormones 
(neurosteroids). They furthermore recycle glutamate through the action of glutamate 
decarboxylase. As glutamate is being released by neurons, it is taken up by astrocytes 
through the action of a Na+/glutamate co-transporter. Inside the astrocytic cytoplasm 
the enzyme glutamate decarboxylase transforms glutamate into glutamine. Glutamine 
is again being transported to the neurons, metabolized into glutamate which is ready 
 for another cycle of use. Astrocytes are metabolically coupled35 to neurons by 
supplying energy (lactate), an action that appears to be dependent on neuronal 
activity36. The cellular mechanisms of energy metabolism in the brain (Fig. 5) have 
been studied by Magistretti et al. 37. These authors have proposed, based on in vitro 
observations , that glutamate is being released upon neuronal activity and shuttled into 
astrocytes by Na+/glutamate co-transport, which leads to an increase of astrocytic 
[Na+]i .This increase activates the Na
+/K+ ATP-ase, stimulating glycolysis by ATP 
consumption. Increased glycolysis in astrocytes is accompanied by increased glucose 
utilization and lactate production. Lactate, released by astrocytes, can be taken up by 
means of a monocarboxylate transporter (MCT) and utilized as an energy substrate by 
the neurons. Glucose consumption stimulates increased glucose uptake from 
capillaries by the glucose transporter 1 (GLUT-1). 
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Figure 5. Glutamate-induced glycolysis in astrocytes. See text for details. 
 3. Signal transduction at the blood-brain barrier 
a) second messenger systems in brain capillary endothelial cells 
Several second messengers systems have been described in BCECs38-40. It is 
well known that agents that increase the cyclic adenosine monophosphate (cAMP) 
concentration in BCECs increase the tightness of the interendothelial junctions41. In 
contrast, agents that stimulate the phosphatidylinositol pathway, and thus increase 
[Ca2+]i through the action of inositol 1,4,5-trisphosphate (IP3), can lead to disruption 
of the tight junctions42 or increase of transendothelial vesicular transport43. These 
include bradykinin [B2 receptor], serotonin [5HT2 receptor], histamine [H1, H2 
receptor], uridine triphosphate (UTP), adenosine diphosphate (ADP) and adenosine 
triphosphate (ATP) [P2U, P2Y1 receptor]44. Finally, the cGMP-nitric oxide (NO) 
system has been described in BCECs45. Glutamate, the most abundant excitatory 
neurotransmitter, increases cyclic guanosine monophosphate (cGMP) in BCECs and 
also increases BBB permeability11,46. The cascade from these second messengers to 
their action on tight junction proteins is still obscure. The known effects of cAMP 
suggest the presence of one or more proteins that can be phosphorylated by protein 
kinase A. The phosphorylation state of the protein(s) in question may determine the 
permeability of the brain endothelium.  
b) pathological opening of the blood-brain barrier 
A number of pathophysiological conditions are known in which the integrity of 
the BBB may be lost. These include systemic hypertension and intracranial 
hypertension47, infection48, trauma49, ischemia50, inflammation51, 
hyperosmolarity52 and exposure to microwaves or radiotherapy53. The loss of the 
BBB in these conditions is either due to an increase in transendothelial vesicular 
transport, a loss of tight junction integrity or a combination of both. 
c) therapeutic opening of the blood-brain barrier 
As the BBB limits the transfer of several drugs into the brain tissue, methods 
for therapeutically opening the barrier have been developed54. The currently most 
used technique is osmotic opening52,55. This technique implies the bolus injection of 
 2M hypertonic mannitol into an internal carotid artery. Osmotic disruption of 
interendothelial tight junctions is brought about through transient shrinkage of 
cerebrovascular endothelial cells56. This effect may be facilitated by Ca2+-mediated 
contraction of the endothelial cytoskeleton57. Other authors have however given 
evidence that osmotic opening of the BBB is rather mediated by a transendothelial 
route due to amplified vesicular activity58. After osmotic disruption of tight junctions, 
a therapeutic drug can be administered in a second bolus in the internal carotid artery. 
The biological disponibility of the drug in brain tissue is thus greatly enhanced. This 
approach is now being studied in clinical trials for the use of cytostatics in the 
treatment of brain malignancies59. Alternatively the receptor mediated permeabilizer-
7 (RMP-7, CereportÒ), a synthetic bradykinin analogue, has been used to open the 
BBB and appears to selectively increase brain tumor microvessel permeability60,61.  
d) signals between astrocytes and endothelial cells 
Given their close apposition, a form of communication between astrocytes and 
endothelial cells at the level of the BBB seems likely. However, research in this 
domain is very limited. There is evidence for bidirectional trophic astrocyte-
endothelial signaling at the BBB as astrocyte growth is stimulated by a soluble factor 
produced by BCECs in vitro14,62 whereas astrocyte conditioned medium is necessary 
to grow BCECs in vitro63. Other authors have however suggested that direct contact 
of BCECs with astroglial cells is necessary for induction of BBB phenotype in BCEC 
in culture12. There is also evidence for a role of interleukin-664, NO65, angiotensin66 
and tumor necrosis factor-alpha (TNF-alpha)67,68 in dynamic astrocyte-endothelial 
signaling. These molecules are expected to exert paracrine signaling  by diffusing 
across the basement membrane. It has been shown that interleukin-6, released by 
human glial cell lines, induces alkaline phosphatase activity in cultured calf artery 
endothelial cells to a level comparable in isolated BCEC64. NO is known to increase 
BBB permeability65, whereas astrocytes are known to possess NO synthase activity69 
opening the possibility of NO-mediated astrocyte-endothelial signaling. Astrocytes 
normally express angiotensinogen, which is the precursor of angiotensins, and it has 
been observed that angiotensinogen knockout mice have impaired BBB function66. 
 TNF-alpha is known to upregulate intercellular adhesion molecule-1 expression on 
human endothelial cells in an in vitro model of the BBB67 and activated astrocytes 
induce NO synthase-2 in cerebral endothelium via TNF-alpha68.  
The Ca2+ signaling machinery has been thoroughly described in astrocytes and 
endothelial cells separately70-74. The Ca2+ ion is an important regulator of the BBB 
permeability44,46 and many agonists acting through Ca2+ increase the BBB 
permeability60. Sofar, no studies have however addressed the possibility of Ca2+ 
signal communication between astrocytes and endothelial cells.  
 4. Ca2+ signaling 
 
Ca2+ is an ubiquitous intracellular signal responsible for controlling numerous 
cellular processes such as muscle contraction75, fertilization76, development77, 
proliferation78, learning and memory79, secretion80, chemotaxis81, metabolism82, T 
cell activation83 and cell death84. Ca2+ signals can furthermore simultaneously 
perform multiple functions within a single cell. This versatility is possible because of 
extensive regulation of the Ca2+ signal in terms of speed, amplitude and 
spatiotemporal patterning (Fig. 6). 
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Figure 6. Intracellular Ca2+ signaling. The mechanisms to turn the Ca2+ signal “on” 
are on the left, the ways to turn it “off” are on the right.  
 a) Intracellular Ca2+ regulation 
I. ON signals  
The resting [Ca2+]i is about 100 nM while it is in the millimolar range in the 
extracellular fluid. There is thus a 10000 fold gradient for Ca2+ over the 
plasmamembrane (PM). The endoplasmic reticulum (ER), or the equivalent 
sarcoplasmic reticulum in muscle cells, is the major intracellular Ca2+ store. The Ca2+ 
concentration in this store is in the 10 millimolar range85. There is now increasing 
evidence that additional cell organelles act as intracellular Ca2+ stores, including 
mitochondria86-90, the Golgi apparatus91 and the nuclear envelope92. Several 
stimuli increase [Ca2+]i from the resting value up to about 1 µM. Increases of [Ca
2+]i 
can be brought about by either Ca2+ influx from the extracellular medium, Ca2+ release 
from intracellular stores, reduction of Ca2+ efflux, or through a combination of these 
mechanisms. Influx can occur through one of three types of Ca2+ channels: voltage 
operated Ca2+ channels (VOC)93, ligand operated Ca2+ channels (LOC)94 or store 
operated Ca2+ channels (SOC)95. Depolarization of the PM can trigger opening of a 
VOC embedded in the PM. Ligands, such as hormones, neuropeptides and 
neurotransmitters, can act on PM receptors that are linked to a LOC, thereby inducing 
Ca2+ influx. The signal that leads to opening of SOCs, called the Ca2+ influx factor 
(CIF), is believed to be released by the ER and is subject of active research96,97. 
Alternatively there may be conformational coupling between intracellular Ca2+ stores 
and SOCs allowing direct refilling of these stores through SOCs upon store 
depletion98. Store operated Ca2+ channels may be formed by Trp-related proteins99. 
Several receptors can be present on the ER membrane, most importantly the inositol-
1,4,5-trisphosphate receptor and the ryanodine receptor (IP3R and RyR respectively). 
The agonist acting on the IP3R is IP3 itself, the physiological agonist acting on the 
RyR is cyclic-ADP ribose100. The IP3R is sensitive to both IP3 and Ca
2+ whereas the 
RyR is sensitive to both ryanodine and Ca2+. Recently a messenger related to cyclic-
ADP ribose, nicotinic acid dinucleotide phosphate (NAADP) has been described 
acting on a separate, as yet uncharacterized, channel on the endoplasmic reticulum 
membrane101. Both IP3R and RyR are families of Ca
2+ channels that are encoded by 3 
different genes102,103 each having subtle different properties. Figure 7 illustrates in 
 detail the process of IP3-induced Ca
2+ release (IICR). Metabotropic agonists (some 
neurotransmitters, hormones and growth factors) bind to PM receptors consisting of 7 
transmembrane (TM) domains. This G-Protein coupled receptor activation leads to 
cleaving off b subunits from G proteins. The G protein b subunit in its turn activates 
membrane bound phospholipase C (PLCb), which cleaves phosphatidylinositol (PIP2) 
into diacylglycerol (DAG) and IP3. IP3 can then diffuse throughout the cytoplasm and 
exert its effect on the IP3 receptors that are mainly present on the ER membrane, 
releasing Ca2+ into the cytoplasm. The Ca2+ signal is further amplified through a 
process of Ca2+-induced Ca2+ release (CICR)104. The other PIP2 cleavage product 
DAG interacts with a protein kinase C (PKC), which may lead to phosphorylation 
events. 
 
.
a b
g
PLCB
PIP2
IP3
DAG
Agonist
Receptor
PM
G protein
IP3R
Ca2+ store Ca2+
 
Figure 7. Principal components of IP3-induced Ca
2+ release. Metabotropic agonists act 
on 7 TM plasmamembrane receptors that interact with G protein. The b subunit of the 
G protein induces phospholipase C to cleave PIP2 into IP3 and DAG. IP3 exerts its 
effect by interacting with IP3Rs releasing Ca
2+ from intracellular Ca2+ stores. 
 
 
 II. OFF signals 
There are also a number of  mechanisms to turn the Ca2+ signal ‘off’. Increases 
of intracellular Ca2+ are buffered by proteins such as parvalbumin, calbindin-D and 
calreticulin, that are present in the cytoplasm105. The Na+/Ca2+ exchanger shuttles 
Ca2+ into the extracellular space using the influx of Na+ down its electrochemical 
gradient. The plasmamembrane calcium ATP-ase (PMCA) provides an energy-driven 
means of extruding Ca2+ to the extracellular medium. Similar pumps are present on 
the ER membrane, where they are called SERCA pumps (sarco-endoplasmic 
reticulum calcium ATP-ase). The SERCA pumps are products of 3 different genes, 
each isoform having subtle different properties. The action of these pumps is to refill 
the intracellular Ca2+ stores. There is increasing evidence that part of the Ca2+ that is 
released from the ER is shuttled to the mitochondrial matrix. Indeed very close 
associations between the ER and mitochondria have recently been shown87,88. It is 
believed that the increase in mitochondrial Ca2+ in its turn increases mitochondrial 
metabolism, supplying additional ATP to the cell. If this normal relationship is 
however overwhelmed, overloading mitochondria with Ca2+ leads to cell death. 
III. Ca2+ sensors 
Ca2+ sensors are proteins that respond to an increase in Ca2+ by activating 
diverse processes. The classical sensors are troponin C75 and calmodulin79 which 
undergo a pronounced conformational change upon Ca2+ binding to activate various 
downstream effectors. Troponin C is important in controlling the interaction between 
actin and myosin during contraction of cardiac and skeletal muscle. Calmodulin is 
used more generally to regulate many processes such as contraction of smooth muscle, 
gene transcription, ion channel modulation and metabolism. In addition to troponin C 
and calmodulin there are numerous other Ca2+ binding proteins with specific 
functions. 
IV.Elemental versus global Ca2+ signaling 
With the advent of Ca2+ imaging setups with better spatial and temporal 
resolution, it became increasingly clear that increases of [Ca2+]i are graded and 
composed of small elemental Ca2+ changes106 (Fig. 8). Spatial organization of Ca2+ 
signals is also elaborate. The rise in [Ca2+]i can be limited to the initiation site or 
 spread to the rest of the cell as an intracellular Ca2+ wave107. Some stimuli may lead 
to the release of Ca2+ from stores near the nucleus, whereas others lead to 
subplasmalemmal Ca2+ increases107. 
A low level of IP3 can 
activate individual IP3Rs in 
the cell thereby evoking Ca2+ 
blips, the smallest elemental 
Ca2+ change caused by the 
opening of a single IP3R 
Ca2+ channel. When 
intermediate levels of IP3 are 
present groups of IP3R 
channels are opened thereby 
causing Ca2+ puffs108,109. 
It has been estimated that a 
Ca2+ puff corresponds to the 
opening of about 20 IP3R 
Ca2+ channels. In analogy, 
activation of a single RYR 
Ca2+ channel leads to a Ca2+ 
quark and activation of small 
groups of RyRs leads to Ca2+ 
sparks110. Ongoing research 
suggests a specific role for the elemental Ca2+ changes in membrane excitability, 
exocytosis, mitochondrial metabolism and gene transcription80,107. In addition to 
their specific function, sparks and puffs contribute to global intracellular Ca2+ signals 
that sweep through the cell as an intracellular Ca2+ wave111 under conditions of high 
IP3 concentration. Ca
2+ released through activation of groups of RyRs or IP3Rs 
diffuses to neighboring receptors to excite further release, thereby setting up a 
regenerative process. When gap junctions connect cells, these intracellular Ca2+ waves 
can spread to neighboring cells, to create intercellular Ca2+ waves that will be 
discussed further on. 
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Figure 8. Elemental and global Ca2+ signaling107. 
 
 V. Amplitude versus frequency modulation of the Ca2+ signal 
Ca2+ signals often occur as individual shortlasting spikes since prolonged 
increases in [Ca2+]i lead to cell death84. The amplitude of the [Ca
2+]i change can then 
be modulated in respect to stimulus strength (so called amplitude modulated or AM 
Ca2+ signaling). When longer periods of signaling are required with continuously 
present stimuli, the Ca2+ signal is transformed into oscillations of [Ca2+]i, the 
oscillation frequency being proportional to the stimulus strength112. The mechanism 
of Ca2+ oscillations is largely elucidated and thoroughly described in reviews113,114. 
The modulation of the oscillatory Ca2+ response is called frequency modulated or FM 
Ca2+ signaling112.  
b) Intercellular Ca2+ waves 
I. Gap junctions 
As stated before, gap junctions are important for 
intercellular Ca2+ wave propagation. The molecular 
biology of gap junctions has been largely elucidated 
over the past years115-118. The basic subunit of a 
gap junction is the membrane spanning protein 
connexin (Cx). Each connexin (Fig. 9) has four 
transmembrane domains (M1, M2, M3, M4), a 
cytoplasmic C-terminal tail, one intracellular loop 
and two extracellular loops. Connexins are 
subclassified based on their molecular weight (for example the molecular weight of 
Cx43 is about 43 kD).  A gap junctional hemichannel is a connexon, which is 
composed of 6  connexins119,120. A gap junctional channel is composed of two 
hemichannels that are present in opposing PMs of neighboring cells (Fig. 10A).  
Single gap junctional channels finally assemble into large gap junctional plaques (Fig. 
10B).  
 
     Figure 9. Connexin. 
  
The gap junctional channel allows the intercellular transfer of small molecules 
with a molecular weight of less than 1 - 1.4 kD122. The permeation of the channel is 
dependent on the type of Cx123, is voltage sensitive124 and also regulated by 
phosphorylation, pH and [Ca2+]i. Some lipophilic molecules are known to block gap 
junctional coupling and are used experimentally. They include alcohols (heptanol, 
octanol), fatty acids (a-glycyrrhetinic acid) and anesthetics (halothane). Several 
methods have been developed to investigate gap junctional coupling of cells. A widely 
used method is transmission electronmicroscopy that allows to directly observe gap 
junction plaques. Another way of assessing gap junctional coupling is the injection of 
a small molecular weight dye, such as 6-carboxyfluorescein or Lucifer yellow, and 
observing dye transfer to neighboring cells (so called dye coupling studies). An even 
more sensitive method is the injection of current into a single cell and to measure 
membrane potential changes in neighboring cells (so called electrical coupling 
studies). If potential changes are detectable, cells are said to be electrically coupled, a 
phenomenon that is typical for gap junctionally coupled cells. Subclasses of gap 
junctional proteins can be distinguished using immunohisto/cytochemistry (Cx 
immunostaining) and molecular biology approaches such as Western Blotting.  
II. Intercellular Ca2+ waves 
A striking example of spatiotemporal organization of Ca2+ signals is the 
intercellular Ca2+ wave that consists of an increase in [Ca2+]i that is propagated from 
cell to cell. These waves can be induced by a wide variety of stimuli, including 
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Figure 10. Biogenetic pathway of gap junctions. A. Proteins are formed on the ER 
membrane by ribosomes. The protein  is progressively inserted in its cell membrane. A 
single monomer is called a Cx. 6 Cxs are assembled into a hexameric hemichannel or 
connexon. Two connexons of opposing cell membranes form a gap junction. B. Gap 
junctions coalesce into large gap junction plaques containing thousands of gap 
junctional channels121. 
 chemical125, mechanical126-131 and electrical stimuli132,133. Mechanical 
stimulation, as originally described by Sanderson et al.134 is brought about by gently 
touching the PM with a glass micropipette with a tip diameter of about 1 µm. This 
stimulus is believed to open a mechanotransducing ion channel135 or alternatively to 
activate mechano-sensitive membrane-associated PLC136. Chemical stimulation of 
astrocytic Ca2+ waves can be achieved by iontophoresis of glutamate125. A wide 
diversity of tissues propagate intercellular Ca2+ waves: pancreatic acinary 
cells14,137,138, lens epithelial cells126, retinal pigment epithelial cells139, mammary 
epithelial cells129, glial cells140, endothelial cells141,142, cardiac myocytes143, 
chondrocytes127, osteoblasts144, hepatocytes145,146, uterine myocytes147, blowfly 
salivary gland148 and neurons149. The wide spread occurrence of this phenomenon 
suggests a fundamental role in cell-to-cell communication to coordinate metabolism 
or physiological activity. The exact function for Ca2+ waves in most tissues however 
awaits further research. A striking correlation between intercellular wave propagation 
and function has first been described by Sanderson et al.134 showing that this 
phenomenon is correlated in airway epithelial cells with the coordination of ciliary 
activity150. 
III. Intracellular IP3/gap junction-mediated pathway 
The mechanism of mechanically-induced intercellular Ca2+ waves has been 
investigated extensively in epithelial cells and glial cells and these studies have led to 
the “passive diffusion” hypothesis (Fig. 11). It was launched by Sanderson151 and 
states that Ca2+ waves propagate from cell to cell by simple diffusion of IP3 through 
gap junctions152. Stimulation of a single cell will induce an increase in the 
concentration of IP3 in the stimulated cell. IP3 (molecular weight 437 Dalton) can 
permeate gap junctions (cut-off ~ 1 kD) and may thereby increase [Ca2+]i in 
consecutive rows of neighboring cells. As IP3 enters each cell it releases Ca
2+ from 
intracellular stores such as the ER via the IP3R. Because this process is amplified by 
CICR, an IP3 concentration gradient can stimulate a near maximal Ca
2+ response in 
each cell as long as the IP3 concentration exceeds the excitation threshold of the IP3 
receptor.  
  
 
Alternatively the Ca2+ ion itself may traverse the gap junction as was shown in 
some cell types such as in insect salivary glands148 and in intact liver153. The role 
for gap junctions was confirmed by the inability of C6 glioma cells, a glial cell line 
that lacks Cx43, to propagate intercellular Ca2+ waves. In contrast, C6 glioma cells 
transfected to express Cx43 regain the capacity to propagate intercellular Ca2+ 
waves154. This observation has subsequentely been repeated in other cell types155 
but its interpretation has been challenged by the demonstration of a role for connexins 
in the control of ATP release in Cx43 transfected cells156. Additionally, sequence-
specific antibodies to Cxs have been shown to block intercellular Ca2+ signaling 
through gap junctions157,158 and activation of protein kinase C, that blocks astroglial 
gap junction communication, inhibits the spread of Ca2+ waves159. It has furthermore 
been shown that the extent of intercellular Ca2+ wave propagation is related to gap 
junction permeability and level of Cx expression160. The idea that IP3 was the 
diffusing messenger was indicated by the facts that Ca2+ waves are propagated by the 
release of Ca2+ from intracellular stores151, are initiated by iontophoresis of IP3  into a 
PLC
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Figure 11. Passive diffusion hypothesis of intercellular Ca2+ wave propagation. 
Mechanical stimulation leads to the activation of membrane bound PLC which leads 
to the production of IP3, that diffuses throughout the cytoplasm, acts on the IP3R 
which releases Ca2+ from intracellular stores (ER) by opening a Ca2+ channel in its 
membrane. IP3 can also diffuse towards neighboring cells through gap junctions. The 
release of Ca2+ from consecutive rows of cells is phenomenologically described as an 
intercellular Ca2+ wave. There is increasing evidence for an additional effect of an 
extracellulary released factor, most probably ATP, that might even be regeneratively 
released. 
 cell and are inhibited by heparin, an antagonist of the IP3 receptor151 and  were 
blocked by the PLC inhibitor U73122151. The idea of IP3 as the intercellular diffusing 
messenger rather than Ca2+ itself is supported by the much slower cytoplasmic 
diffusion of Ca2+ (due to binding of Ca2+ to immobile cytoplasmic buffers) as 
compared with IP3161. 
 
IV. Extracellular purinergic pathway 
After the “passive diffusion” hypothesis for intercellular Ca2+ waves was 
launched, evidence started to accumulate for an extracellular factor as intercellular 
Ca2+ waves are able to cross cell free lanes in culture133, are deviated by extracellular 
fluid flow133 and are reduced in size and amplitude by agonist degrading enzymes 
and receptor antagonists162. A purinergic messenger, most probably ATP, has been 
identified as the extracellular diffusible factor162,163. ATP is present at millimolar 
intracellular concentrations and its extracellular concentration (and that of other 
nucleotides) is normally maintained at a very low level by rapid hydrolysis by ecto-
nucleotidases164. ATP acts on purinergic receptors that are divided into a P1 and P2 
class, the latter being further subdivided into a P2X and P2Y subclass. Further 
investigations have shown that the P2Y subclass is involved in purinoceptor-mediated 
astrocytic intercellular Ca2+ wave propagation165. The mechanism of ATP release in 
the extracellular space remains a matter of debate and has been described by various 
mechanisms, including via exocytotic release, via PM channels and via sudden rupture 
of the PM164. Connexins have been shown to regulate Ca2+ signaling by controling 
ATP release156,166 which may provide cross talk between both the gap junction-
mediated and ATP-mediated mode of Ca2+ signaling. ATP may also be regeneratively 
released during intercellular Ca2+ wave propagation, although evidence supporting this 
view at present is limited 156. Recent work by Braet et al.167  indicates that Ca2+ by 
itself can trigger ATP release suggesting that regenerative ATP release indeed takes 
place in the course of a propagating Ca2+ signal. 
 V.  Heterotypic Ca2+ signaling 
Intercellular Ca2+ waves not only propagate between cells of the same type 
(homotypic Ca2+ signaling), but can also propagate between different cell types 
(heterotypic Ca2+ signaling). The number of papers on heterotypic astrocytic 
intercellular Ca2+ signaling is small and these papers are mainly related to Ca2+ 
signaling from astrocytes towards neurons and vice versa using mechanical168,169, 
chemical170 and electrical stimulation168,171 to elicit intercellular Ca2+ waves. An 
extracellular glutaminergic pathway has been put forward although some evidence 
supports a gap junction-mediated pathway171. Astrocytic intercellular Ca2+ waves can 
be initiated by extracellular glutamate and glutamate released by neurons can lead to 
Ca2+ elevations in adjacent astrocytes in co-culture132, suggesting that synaptically 
released glutamate may provoke similar Ca2+ waves in brain  astrocytes in situ. An 
increase in astrocytic [Ca2+]i as occurs during astrocytic intercellular Ca
2+ waves 
furthermore provokes glutamate release by astrocytes which causes an increase of 
[Ca2+]i in adjacent neurons in co-culture170,172. Bidirectional glutamate-dependent 
communication between astrocytes and neurons has more recently been confirmed in 
acutely isolated hippocampal slices173. As to its function, astrocyte-neuronal 
heterotypic calcium signaling may increase neuronal electrical activity172, modulate 
neuronal synaptic communication and play a neuromodulatory function by controlling 
the extracellular level of glutamate174. Recent work has shown that astrocytic Ca2+ 
waves can also be transmitted to meningeal cells175.  
c) Measuring and manipulating intracellular free Ca2+ 
The measurement of [Ca2+]i in living cells with video microscopy and Ca
2+-
sensitive fluorescent dyes is a well established technique. In this paragraph the basics 
of ion imaging and the setup used in our experiments using fura-2 as an example will 
be discussed176. 
Fura-2 is a Ca2+ sensitive dye that bears structural resemblance to the Ca2+ 
chelator ethylene glycol-bis(b-aminoethyl)-N,N,N’,N’-tetra-acetic acid (EGTA) in that is 
has 4 Ca2+ binding sites (Fig. 12A). Figure 12B shows the fluorescence emission 
spectrum of fura-2 as a function of excitation wavelength and Ca2+ concentration. If 
 one compares the fluorescence emission spectra, it is clear that at 340 nm excitation 
the fluorescence intensity is lower in a Ca2+ free solution as compared to a high Ca2+ 
solution whereas at 380 nm excitation the fluorescence intensity is higher in a Ca2+ 
free solution as compared to a high Ca2+ solution. This property of fura-2 allows to 
calculate the [Ca2+]i by ratioing fluorescence emission at 340 and 380 nm excitation. 
We modified this method allowing calculation of [Ca2+]i from fluorescence emission 
with continuous excitation at 380 nm alternated with 340 nm excitation fluorescence 
measurements performed at 1 second intervals177. The advantage of this method is 
that it allows monitoring of  [Ca2+]i changes without need for high-frequency 
excitation switching. The same method was applied to measure the intracellular 
sodium concentration ([Na+]i)178 or pHi using the dual excitation dyes SBFI and 
BCECF. Spectral characteristics and structure formulas of these ion sensitive dyes can 
be found at the Molecular Probes webpage (http:\\www.probes.com). 
 
Cells growing on glass coverslips are loaded with the acetoxymethylester form 
of the indicator molecule, such as fura-2-AM. The dye is membrane permeable in its 
esterified form but once inside the cytoplasm of the cell, intracellular esterases quickly 
cleave off the ester group, trapping the dye in the cell. The cells are then transferred to 
the stage of an inverted microscope and are observed with transillumination and phase 
contrast optics (Fig. 13). The transillumination light passes a low pass red filter and 
dichroic mirrors (DM-1, DM-2) and is reflected off a mirror onto a CCD (charge 
coupled device) camera (cam-2). Real-time visualization on a monitor (monitor-2) is 
thus possible and recordings are made using an optical memory disc recorder 
(OMDR-2) or video tape recorder (not shown). The appropriate excitation wavelength 
for fluorescence emission measurements is selected from the spectrum of a Hg- or Xe-
A  B  
Figure 12. Fura-2 as a ratioable Ca2+ indicator. A. Structure of fura-2. B. 
fluorescence excitation spectrum of fura-2 in solutions containing zero to 39.8 mM 
free Ca2+. Figures reproduced from the Molecular Probes website at 
http:// www.probes.com. 
 arc lamp using a personal computer (PC) driven excitation bandpass filter switch. 
Passing DM-3 the excitation light is directed towards the specimen by DM-1 and 
excites the fluorescent probes trapped in the cells on the glass coverslip. Emitted 
fluorescence passes DM-1, is reflected onto DM-2, passes the appropriate emission 
bandpass filter that is manually selected and reaches an ICCD (intensified charge 
coupled device) camera (cam-1). Images are shown real-time on a monitor (monitor-
1) and recorded on OMDR (OMDR-1) or video cassette recorder (not shown). 
Different DMs can be selected depending on the fluorescent probe used. 
We also used wide field microscopy in combination with deconvolution 
algorithms to remove out of focus blurring. This setup4 provides superresolution 
three-dimensional images of fluorescence in cells179,180.    
  
Steplike increases of intracellular messengers can be brought about photoreleasing the 
concerned messenger from a caged inactive form (Fig. 6). This is done by shortly (0.5-
1 s) exposing cells loaded with the caged compound to UV light at 330 nm 
wavelength, a protocol called flash photolysis181. We have used caged -IP3 (D-myo-
inositol 1,4,5-trisphosphate, P4(5)-(1-(2-nitrophenyl)ethyl)ester trisodium salt) and 
Figure 13. Setup to  measure intracellular Ca2+ and other intracellular ion 
concentrations. See text for details. 
 caged-Ca2+ (nitrophenyl-EGTA) to trigger steplike increases of intracellular IP3 and 
Ca2+ respectively. The use of these compounds is explained in greater detail in 
Leybaert et al.1. In order to perform flash photolysis of caged compounds an 
additional Hg-arc lamp and an UV bandpass filter are used. Flashes of UV light, 
brought about through PC controlled shutter opening, are focused onto a narrow spot 
(f » 10 mm) of the specimen by a biconvex lens, DM-3 and DM-1. 
d) Calcium homeostasis in astrocytes 
Several groups have reported values for the resting [Ca2+]i in astrocytes 
ranging between 10 and 400 nM182,183. The free [Ca2+]i only represents a small 
fraction of total Ca2+ in astrocytes. The bulk Ca2+ is associated with the intracellular 
ER, the cell’s largest Ca2+ store. Additional Ca2+ stores in astrocytes are the nuclear 
envelope and mitochondria184. Although many types of voltage-gated channels at the 
PM have been demonstrated183,185,186, astrocytes remain electrically unexcitable 
from the physiological point of view. Therefore [Ca2+]i changes in astrocytes are 
primarily dependent on changes in the chemical composition of the extracellular 
medium detected through PM receptors. Astrocytes express a wide variety of both 
ionotropic and metabotropic receptors (see table below).  
 
Apart from the above mentioned receptors several others have been described 
such as for endothelin-3, vasopressin, neuropeptide Y, prostaglandin F2a, tachykinin 
   Mechanism of [Ca2+]i rise   
Stimulus Predominant 
receptor 
subtype 
VOC     LOC Release from 
internal stores 
Reference 
ATP P2U, P2Y   + 187 
Histamine H1, H2   + 188 
Acetylcholine muscarinic   + 189 
Glutamate non-NMDA + + + 190, 191 
Bradykinin B2   + 192 
Noradrenaline a1, a2   + 193 
 
 NK-1, oxytocine and g-amino butyric acid (GABA) that are linked to the Ca2+ 
signaling cascade second messenger system194. 
IICR is very elaborate in astrocytes and seems to be involved in the effects of 
the majority of neurotransmitter effects in these cells 195. The Ca2+ signal is 
terminated through cytoplasmic buffering196, Na+/Ca2+ exchange90, PMCA197, 
SERCA184 and mitochondria89,90. Practically no information is available 
concerning the buffering properties of the astrocytic cytoplasm. Na+/Ca2+ exchange 
activity has been demonstrated in astrocytes although its relative contribution remains 
controversial in the termination of Ca2+ signals198. Ca2+ pumps have been localized 
immunohistochemically at the ER (SERCA) and PM (PMCA) and are important for 
store refilling and Ca2+ extrusion184,199.  
Intercellular Ca2+ waves have been described between astrocytes in culture and 
also in organotypical hippocampal slices200-202. The reported wave propagation 
velocities vary between 10 and 40 mm/s. Even though a large body of evidence has 
been gathered to demonstrate the presence of astrocytic Ca2+ waves, little information 
so far is available as to their function. Intercellular Ca2+ waves have been shown to 
propagate between astrocytes and neurons169. Although still speculative, these data 
suggest that astrocyte activity may influence neuronal activity thus suggesting a role 
for intercellular Ca2+ waves in information processing in the brain. A role for 
astrocytic Ca2+ signaling has also been suggested in spreading depression in 
migraine203, extending infarct size following ischemia and contributing to tissue 
excitability related to epilepsy204. Similarly to other cell types, astrocytic Ca2+ waves 
can be induced by several stimuli, including mechanical200, chemical125 and 
electrical stimuli133. There is an ongoing discussion about the mechanism of 
astrocytic Ca2+ wave propagation with complementary evidence demonstrating either 
extracellular ATP diffusion and/or intracellular IP3 diffusion through gap junctions as 
the signaling pathway involved. Evidence for a role for gap junctions in astrocytic 
Ca2+ wave propagation is abundant. Gap junction blockers (halothane, octanol) inhibit 
astrocytic Ca2+ wave propagation202. Glioma cells lacking gap junctions do not seem 
to propagate Ca2+ waves, but regain this capacity after transfection with Cx43 
cDNA154. Transient exposure of astrocytes to thapsigargin irreversibly blocked 
 communication of the Ca2+ wave from the stimulated cell to adjacent cells205. 
Uncoupling gap junctions using PKC activation inhibits Ca2+ wave propagation in 
astrocytes159. The extent of astrocytic Ca2+ wave propagation is furthermore related 
to the level of Cx43 expression160. The former data all favor gap junction-mediated 
transmission of astrocytic Ca2+ waves. However astrocytes are known to respond to 
extracellular ATP206 and several authors have given evidence for a role for ATP in 
extracellular Ca2+ wave propagation. These waves can be communicated across cell 
free lanes and are biased by a fast superfusion flow133. They are furthermore 
inhibited by purinergic antagonists and pretreatment with apyrase, an ATP-degrading 
enzyme162. Extracellular ATP diffusion occurring during astrocytic Ca2+ wave 
propagation has recently even been directly observed using a chemiluminiscence 
method207.  
5. Brain capillary endothelial cells 
Isolation techniques have become available for BCECs from a variety of 
species. Originally described for bovine BCECs208, there are now protocols available 
that allow isolation of these cells from rat brain209. These cells should be cultured in 
the presence of astrocyte conditioned medium (ACM). As mentioned before, the 
nature of the factors that are released by astrocytes and induce a BBB phenotype in 
endothelial cells are not known. It is therefore not possible to supplement the culture 
medium for the cells with these factors unless by adding ACM, prepared from the 
supernatant of primary astrocyte cultures. Endothelial cells from brain capillaries 
differ phenotypically from endothelial cells isolated from other parts of the vascular 
tree. Firstly, they express a large number of tight junctions and secondly, they are 
characterized by specific enzymatic systems, such as g-glutamyltransferase, and 
specific transporter molecules, such as the glucose transporter type 1 (GLUT-1)21. 
Studies with endothelial cells from several vascular beds have shown that endothelial 
cells express the entire intracellular Ca2+ machinery210-212. Furthermore, BCECs 
possess several receptors that are linked to the phosphatidylinositol-Ca2+ signaling 
pathway, such as for ATP, bradykinin, serotonin and histamin44.  
 6. Co-culture model of the blood-brain barrier 
BCECs are difficult to culture given their elaborate isolation technique, 
specific growth factor and coating requirements and low growth potential209. Co-
culturing them with brain astrocytes to study interactions is even harder. Therefore co-
cultures have been developed using endothelial cells that can transdifferentiate in 
ACM into a BBB phenotype213-216. One of the cells that has been used quite 
extensively is the ECV304 cell. ECV304 is a spontaneously transformed cell line from 
human umbilical vein endothelium217 although recent evidence suggests it may 
actually be a bladder carcinoma cell line218. ECV304 cells are interesting for BBB 
work because these cells have a purinergic receptor pharmacology identical to brain 
capillary endothelials cells219-224 and because they develop a large number of tight 
junctions and a low permeability barrier, typical for BBB endothelial cells, in co-
culture with astrocytes14,214. ECV304 cells are furthermore easily available from the 
frozen cell line stock, are easily kept in culture with standard media and proliferate in 
a monolayer forming a clearly distinguishable interface with astrocytes in co-culture. 
 CHAPTER 4 
Aims of the study 
 
Astrocytes and endothelial cells are in close contact at the BBB. The BBB 
separates brain tissue from blood and thereby protects and regulates the brain 
microenvironment. The molecular basis of the barrier characteristics resides within the 
endothelium which is characterized by a large number of interendothelial tight 
junctions  and a low level of endothelial transcytosis thereby restricting both para- and 
transcellular passage of molecules. Specific molecular transport processes take place 
over the BBB using several transport systems. The integrity of this barrier may be lost 
in pathologic conditions and can be restored. Several second messenger systems that 
may help to regulate the permeability of the brain endothelium have been described 
i.e. the IP3/Ca
2+, cAMP and cGMP systems. Ca2+ signals may take the form of 
intercellular propagating Ca2+ waves in both astrocytes and endothelial cells. As the 
two cell types are in close contact at the BBB, we hypothesized intercellular Ca2+ 
wave propagation to be a signal communicated between the two cell types. We had the 
following specific aims in investigating this hypothesis:  
 
1. To develop a co-culture model of astrocytes and endothelial cells. At the start of 
this project a survey was made of models available for BBB studies. Most models 
used astrocytes and endothelial cells growing on and separated by a microporous 
filter and focused on measurements of transendothelial resistance as a function of 
the number and length of interendothelial tight junctions. None of these models 
proved to be suitable for studying putative Ca2+ signaling between astrocytes and 
endothelial cells. Therefore, a reproducible two dimensional co-culture model had 
to be developed and had to be tested for its applicability to BBB studies and Ca2+i 
imaging. A first model that was used consisted of primary rat brain astrocytes in 
co-culture with cells from the ECV304 line on a glass bottom dish. The second 
model consisted of primary rat brain astrocytes and primary rat BCECs growing on 
a glass bottom dish, thereby two-dimensionally reconstructing the rat BBB in vitro. 
The astrocytes and BCECs were identified using standard immunocytochemistry 
 (anti-GFAP and anti-vWF respectively) and ECV304 cells were identified using 
pre-labeling with CM-DiI. Electronmicroscopy was used to investigate the 
morphology of the astrocyte-endothelial interface in co-cultures. 
 
2. To characterize Ca2+ responses of brain capillary endothelial cells to agonists 
and to a hyperosmolar stimulus. We tested Ca2+ mobilizing agonists known from 
peripheral endothelial cells for their capacity to induce [Ca2+]i changes in BCECs. 
Theoretically all these agonists are potential extracellular messengers involved in 
Ca2+ wave propagation from astrocytes to endothelial cells. Additionally, we 
checked whether a hyperosmolar stimulus, used clinically to transiently open the 
BBB prior to drug administration, exerts its effect on endothelial cells by osmotic 
shrinkage or through increasing endothelial [Ca2+]i. 
 
3. To investigate whether intercellular Ca2+ waves evoked in astrocytes can 
propagate towards endothelial cells and vice versa in the in vitro model. 
Mechanical stimulation of a single cell has been widely used to trigger intercellular 
Ca2+ waves. In its ideal form this involves very slightly touching the cell with a 
micropipette without disrupting cell integrity. We were interested in the 
consequences of mechanical stimulation using single cell destruction with respect 
to cell-to-cell Ca2+ signal communication. Hypothetically, astrocyte destruction and 
subsequent Ca2+ signals to endothelial cells could play a role in the disruption of 
BBB function following neurotrauma. Alternatively, endothelial cell destruction 
and Ca2+ signal communication to astrocytes might be a pathologic signal to the 
neuropil in the early phase of neurotrauma. 
 
4. To identify the route(s) and messenger(s) that propagate intercellular Ca2+ 
waves between astrocytes and endothelial cells. At the start of the experiments it 
was known from studies with different cell types, including astrocytes and 
endothelial cells, that two Ca2+ signaling modes could be distinguished mediating 
intercellular Ca2+ wave propagation, namely an intracellular IP3/gap junction-
dependent pathway and an extracellular purinergic pathway. We therefore 
investigated both pathways in the astrocyte-endothelial co-culture model by 
determining: 
 a) the contribution of an extracellular (purinergic) messenger to Ca2+ 
wave propagation: this was achieved by examining the influence of fast 
superfusion flow and cell-free zones on Ca2+ wave propagation. The 
purinergic nature of such messenger was investigated by using extracellular 
degrading enzymes (ATP-degrading enzyme apyrase) and receptor 
antagonists (P2 purinoceptor antagonist suramin). 
b) the involvement and distribution of gap junctions in astrocyte-
endothelial co-cultures: dye coupling studies (Lucifer yellow, 6-
carboxyfluorescein, biocytin), electrical coupling studies, identification of 
the presence of Cxs using immunocytochemistry and direct visualization of 
gap junction plaques using electronmicroscopy were used for this goal. 
c) if intercellular Ca2+ wave propagation is mediated by the intercellular 
diffusion of IP3 or Ca
2+:  the photolytic release of the caged messengers 
IP3 and Ca
2+ was used to increase their cytoplasmic concentrations. This 
allowed us to investigate the role of these messengers in initiating and 
propagating intercellular Ca2+ waves. 
 
6. To study the sub-cellular characteristics of the intracellular IP3/gap junction-
dependent pathway and the extracellular purinergic pathway of intercellular 
Ca2+ waves and their spatial relationship with gap junctions. At the start of our 
research project, evidence that had been collected for both the intracellular IP3/gap 
junction-dependent pathway and the extracellular purinergic pathway of 
intercellular Ca2+ waves, was indirect. In order to understand the biological 
relevance of astrocyte-endothelial Ca2+ signaling in respect to native BBB anatomy, 
subcellular analysis of both modes of wave propagation and their spatial 
relationship with gap junctions was necessary. A suitable approach for this problem 
is the transfection of live cells with green fluorescent protein (GFP) labeled Cxs to 
visualize and locate the gap junctions using fluorescence microscopy. However, 
astrocytes and endothelial cells cannot be used for such approach given their 
natural expression of (unlabeled) gap junctions that would influence the results. We 
therefore transfected HeLa cells, which do not express any functional gap junctions 
themselves, with GFP-labeled Cxs. Expression of Cxs of adequate molecular 
 weight was confirmed by Western Blot analysis. Both  the untransfected HeLa cells 
and the Cx-GFP transfected HeLa cell line were subsequently used: 
a) to determine the modes of intercellular Ca2+ wave propagation in these 
cells: gap junctional coupling was assessed by dye coupling studies (Lucifer 
yellow), electrical coupling studies and identification of the presence of Cxs 
using immunocytochemistry. The contribution of an extracellular 
messenger was examined by determining the influence of the extracellular 
ATP-degrading enzyme apyrase. 
b) to image both modes of intercellular Ca2+ waves at high spatial and 
temporal resolution: this allowed us by direct observation in live cells to 
distinguish spatio-temporal differences between intercellular Ca2+ waves 
mediated by an extracellular messenger or by a messenger propagating 
through gap junctions. 
c) to correlate intracellular Ca2+ events with 3-D reconstructed gap 
junctions, endoplasmic reticulum and mitochondria: reconstructions 
could be made from fluorescence of GFP labeled gap junctions or from the 
live cell stains ER-Tracker and Mito-Tracker (endoplasmic reticulum and 
mitochondria respectively) using advanced deconvolution software. We 
used a wide field microscope to analyze intercellular Ca2+ waves  at high 
speed. We hypothesized that the combination of both techniques would 
produce the necessary temporal and spatial resolution to observe spread of 
intercellular Ca2+ waves through gap junctions.    
 
7. To investigate whether mechanically-induced astrocytic intercellular Ca2+ 
waves are associated with wave-like changes of [Na+]i, [K
+]e or pHi. The 
mechanical stimulus in these experiments was chosen such as to damage a single 
astrocyte in vitro, allowing to investigate post-traumatic ionic dynamics in 
astrocytes. We were interested whether local cell destruction would be associated 
with ionic changes other than [Ca2+]i, and whether these ionic changes would also 
be propagated from the site of destruction towards neighboring cells. Traumatic 
brain injury in vivo is associated with an increase in [Ca2+]i, an inwardly directed 
shift of Na+, an outwardly displacement of K+ and a short lived intracellular 
acidification225-228. As astrocytes largely outnumber other cell types in the brain, 
 we were interested to investigate whether the ionic changes observed upon single 
astrocyte destruction in vitro could serve as a reduced model for the ionic changes 
observed upon brain tissue destruction in vivo. Fundamental parameters, such as 
ionic wave velocity, the distance traveled, time to onset, time to peak and the peak 
change [Na+]i,[ K
+]e and pHi, were determined in primary astrocyte cultures. 
Additional experiments were performed to determine the mechanisms underlying 
these changes.  
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ABSTRACT Interactions between astrocytes and endothelial cells are believed to
play an important role in the control of blood-brain barrier permeability and transport.
Astrocytes and endothelial cells respond to a variety of stimuli with an increase of
intracellular free calcium ([Ca2]i) that is propagated to adjacent cells as an intercellular
Ca2 wave. We hypothesized that intercellular Ca2 signaling also occurs between
astrocytes and endothelial cells, and we investigated this possibility in co-cultures of
primary astrocytes and an endothelial cell line using caged messengers. Intercellular
Ca2 waves, induced by mechanical stimulation of a single cell, propagated from
astrocytes to endothelial cells and vice versa. Intercellular Ca2 waves could also be
induced by flash photolysis of pressure-injected caged inositol trisphosphate (IP3) and
also by applying the flash to remote noninjected cells. Ca2 waves induced by flash
photolysis propagated from endothelial cells to astrocytes but not from astrocytes to
endothelial cells even though caged IP3 diffused between the two cell types. Flash
photolysis of caged Ca2 (NP-EGTA) resulted in an increase of [Ca2]i but did not initiate
an intercellular Ca2 wave. We conclude that an increase of IP3 in a single cell is
sufficient to initiate an intercellular Ca2 wave that is propagated by the diffusion of IP3
to neighboring cells and that can be communicated between astrocytes and endothelial
cells in co-culture. By contrast, Ca2 diffusion via gap junctions does not appear to be
sufficient to propagate an intercellular Ca2 wave. We suggest that intercellular Ca2
waves may play a role in astrocyte-endothelial interactions at the blood-brain barrier.
GLIA 24:398–407, 1998.  1998 Wiley-Liss, Inc.
INTRODUCTION
In the brain, astrocytes and endothelial cells consti-
tute the blood-brain barrier, which is characterized by
its low permeability and the selective transport of
substrates. The end-feet of perivascular astrocytes make
close contact with capillary endothelial cells to provide
an anatomical configuration that is ideally suited for
interactions and communication between these two cell
types. Astrocyte-endothelial interactions lead, for ex-
ample, to the formation of tight junctions and the
expression of transporter molecules and enzymes in
endothelial cells (Janzer and Raff, 1987; Abbott and
Revest, 1991; Tontsch and Bauer, 1991; Hayashi et al.,
1997). The messenger molecules involved in astrocyte-
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endothelial signaling are largely unknown; the only
information available is that interleukin-6 derived from
astrocytes can induce alkaline phosphatases in endothe-
lial cells (Takemoto et al., 1994) and that both astro-
cytes and endothelial cells are biochemically equipped
to produce and respond to nitric oxide (Murphy et al.,
1993).
One important mechanism of cell-to-cell signaling
consists in the propagation of intercellular Ca2 waves.
Intercellular Ca2 waves can be initiated both in astro-
cytes and endothelial cells by chemical, mechanical, or
electrical stimuli and consist of an increase in [Ca2]i
that is propagated from cell to cell (Cornell-Bell et al.,
1990; Charles et al., 1991; Demer et al., 1993). Intercel-
lular Ca2 waves can also propagate between different
cell types, e.g., between astrocytes and neurons (Neder-
gaard, 1994; Charles, 1994; Parpura et al., 1994).
Consequently, we hypothesized that intercellular Ca2
waves also propagate between astrocytes and endothe-
lial cells at the blood-brain barrier to establish astrocyte-
endothelial Ca2 signaling.
The propagation of a Ca2 wave between cells can
occur by the diffusion of an intracellular or extracellu-
lar messenger or both, but the exact mechanism in-
volved is dependent on the cell type (Osipchuk and
Cahalan, 1992; Sanderson et al., 1994; Hassinger et al.,
1996; Cao et al., 1997; Frame and Defeijter, 1997
Venance et al., 1997). Experimental evidence from a
variety of cell types, including astrocytes and airway
epithelial cells, strongly supports the hypothesis that
intercellular Ca2 waves can propagate by the diffusion
of the intracellular messenger inositol trisphosphate
(IP3) between cells via gap junctions (Boitano et al.,
1992; Sanderson et al., 1994; Sanderson, 1996). Intercel-
lular Ca2 waves require functional gap junctions
(Charles et al., 1992) and are mediated by the release of
Ca2 from intracellular stores without a need for extra-
cellular Ca2 (Sanderson et al., 1990). Furthermore,
Ca2 waves are initiated by the microinjection of IP3
(Sanderson et al., 1990) and inhibited by heparin
(Boitano et al., 1992; Newman and Zahs, 1997), an
antagonist of the IP3 receptor, and U-73122 (Hansen et
al., 1993), a phospholipase-C inhibitor. This hypothesis
is also supported by the experimental evidence for IP3
permeation through gap junctions (Saez et al., 1989;
Carter et al., 1996). As a result, we investigated astro-
cyte-endothelial Ca2 signaling and its underlying
mechanisms by the photolytic release of IP3 and Ca2
from their caged forms in co-cultures of astrocytes and
endothelial cells.
MATERIALS AND METHODS
Co-Cultures
Astrocyte-endothelial co-cultures were prepared from
rat brain glial cells enriched for astrocytes (Levison and
McCarthy, 1991), and a spontaneously transformed
endothelial cell line derived from human umbilical vein
(ECV304, European Collection of Animal Cell Cul-
tures, Salisbury, UK). Neonatal rat brains (postnatal
day 1 or 2) were isolated, and pieces of frontoparietal
cortex were pinched off. After careful removal of the
meninges, pieces of cortex were incubated in trypsin 1
solution (prepared from trypsin 10 (1:250; Gibco,
Merelbehe, Belgium) for 20 min. The tissue was me-
chanically dissociated by repeated trituration, and the
resulting cell suspension was passed through a 120 µm
nylon mesh screen (Scrynel, Vel, Belgium), centrifuged,
and further triturated. After passing the suspension
onto a 20-µm nylon mesh screen, the remaining cells
were seeded in 50 ml Falcon flasks in astrocyte Eagle’s
basal medium supplemented with 10% fetal calf serum
(FCS), 2 mM glutamine (all from Gibco), and 0.6 % (w/v)
glucose. The cells were grown to confluency over 7–10
days, and the culture flasks were then shaken over-
night (18 h, 250 rpm) to remove the overlaying process-
bearing cells and to obtain a culture enriched in astro-
cytes. ECV304 cells were grown in 50-ml culture flasks
in Medium-199 with 2 mM glutamine and 10% FCS
(Medium-199-FCS; all culture medium products were
from Gibco). Co-cultures were prepared by trypsinizing
astrocyte and endothelial cell cultures and plating
them simultaneously onto glass bottom microwell dishes
(Mattek, Ashwood, MA, USA) at a ratio of five astro-
cytes to one endothelial cell and cultured in Medium-
199-FCS. After 3–4 days, some cultures had formed
distinguishable zones of endothelial cells interspersed
among the astrocytes. Single endothelial cells were
sometimes observed within zones consisting of mainly
astrocytes. The plating densities and astrocyte-endothe-
lial ratio were, however, chosen so as to minimize single
dispersed endothelial cells and to maximize occurrence
of endothelial cell islands. Astrocyte identity was con-
firmed by immunostaining with Cy-3-conjugated anti-
bodies to glial fibrillary acidic protein (GFAP; Sigma
Chemical Co., Bornem, Belgium). Endothelial cell iden-
tification was based on the typical phase-contrast ap-
pearance of these cells and on their GFAP negativity.
On phase-contrast, the ECV304 endothelial cells could
easily be distinguished from astrocytes based on their
larger size, clearly visible cell linings, clearly distin-
guishable nucleoli, and the typical cobblestone appear-
ance of endothelial cells. Endothelial cells were, further-
more, the only GFAP-negative cell type present in the
co-cultures. Co-cultures kept for longer than 4 days could
not be used for experiments, because at that time astro-
cytes started to grow into the endothelial cell islands. For
the experiments we used only cultures with endothelial cell
islands that had a clear interface line with the astrocytes
and with a minimum of dispersed single endothelial cells
within the astrocyte region surrounding the island.
Calcium Imaging
Ca2waves were monitored with digital video micros-
copy and the Ca2-sensitive fluorescent dyes fura-2 or
fluo-3 (fluo-3 was used in the flash photolysis experi-
ments). Co-cultures were loaded with Ca2 dyes by
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incubation in Hanks’ balanced salt solution buffered
with 25 mM HEPES (HBSS-HEPES) containing either
10 µM fura-2-AM or fluo-3-AM (Molecular Probes,
Eugene, OR) and 0.05% pluronic for 1 hour at 37°C,
followed by 1 hour of de-esterification in HBSS-HEPES
at room temperature. Cells were viewed with an in-
verted Nikon Diaphot epifluorescence microscope using
a40 oil-immersion lens. Fura-2 images were obtained
by alternate excitation with 340/380 nm and an emis-
sion bandpass at 510 nm; for fluo-3, a single excitation
of 480 nm and an emission bandpass at 535 nm was
used. Images were captured with a silicon-intensified
target camera (Cohu San Diego, CA, USA) or an
intensified CCD (Photonic Science, East Sussex, UK)
and were stored on an optical memory disk recorder
(Panasonic TQ-2026F). Fura-2 fluorescence images were
converted to [Ca2]i images using a method described
by Leybaert et al. (1998). The fluo-3 fluorescence im-
ages given in the figures are expressed as the change of
fluorescence relative to the resting fluorescence level:
i.e.
F
F

Ft  F0F0
.
Mechanical Cell Stimulation
Single cells were mechanically stimulated with a
glass micropipette (tip size, 1 µm) attached to a
piezoelectric device that was deflected over approxi-
mately 4 µm by a rectangular voltage pulse of 150 ms
duration.
Caged IP3 Loading and Photolysis
Single cells were pressure injected with caged IP3
using glass micropipettes (tip size, 1 µm) filled with a
50 mM K-HEPES solution at pH 7.2 containing 1–2.5
mM D-myo-inositol 1,4,5-trisphosphate, P4(5)-(1-(2-
nitrophenyl)ethyl)ester trisodium salt (Molecular
Probes, Calbiochem, La Jolla, CA) and applying several
pressure pulses of 50–100 kPa lasting 100 ms. The
injected volume was estimated to be on the order of 1 pl.
Cell impalement and pressure injection of caged IP3
initiated an intercellular Ca2 wave; therefore, flash
photolysis was performed only after recovery of the
[Ca2]i signal, i.e., minimally 3 min after injection. The
ultraviolet (UV) flash was delivered by a Hg-arc lamp
coupled to the epifluorescence input via a dichroic
mirror with cut-off at 400 nm and focused to the field
diaphragm with a biconvex lens (focal distance, 250
mm). The UV beam was bandpass filtered at 330 nm (80
nm half-energy bandwidth), and the exposure time,
ranging from 0.5 to 2 s, was controlled by a mechanical
shutter (Uniblitz, Vincent Associates, Rochester, NY,
USA). The UV spot had a half-energy diameter of 7.1
µm, as determined by flashing a dried layer of caged
fluorescein dextran (molecular weight 3000; Molecular
Probes) sandwiched between two coverslips. [Ca2]i
was continuously monitored during exposure to the UV
light.
Caged Ca2 Loading
Cells were loaded with caged Ca2 after fluo-3 load-
ing by incubating the cells in 2.5 µM nitrophenyl-
EGTA-AM (NP-EGTA-AM; Molecular Probes) in HBSS-
HEPES for 10 min at room temperature. This loading
protocol had no effect on CA2 waves induced by
mechanical stimulation. Longer incubations or higher
concentrations had, however, significant Ca2-buffer-
ing effects.
Determination of the Photolytic Efficiency
of Caged IP3
The photolytic efficiency of caged IP3, i.e., the fraction
of IP3 released upon UV exposure in our system, was
calculated by multiplying the measured photolytic effi-
ciency of caged fluorescein-dextran by the ratio of the
quantum efficiencies of caged IP3 (0.65) and caged
fluorescein-dextran (approx. 0.25). The photolytic effi-
ciency of caged fluorescein-dextran was determined by
exposure of a dried layer of the substance to UV flashes
of increasing duration. The half-maximal efficiency
occurred at 3.4 s exposure time; at 2 s (exposure time
used in most experiments), the photolytic efficiency was
34%. The photolytic efficiency of caged IP3 was then
calculated to be on the order of 85%.
Statistical Analysis
Data are expressed as means  SEM; n denotes the
number of experiments on different cultures.
RESULTS
Mechanical Stimulation Causes
Astrocyte-Endothelial Ca2 Waves
The experiments were performed on astrocyte-
endothelial co-cultures prepared from primary rat brain
astrocytes and a spontaneously transformed endothe-
lial cell line. Three to four days after co-plating these
cells, the co-cultures typically appeared with islands of
endothelial cells surrounded by a majority of astro-
cytes, with a distinct interface line where the two cell
types were in close contact (Fig. 1A,B). These astrocyte-
endothelial co-cultures thus constitute a preparation
well suited to study calcium signaling between the two
cell types.
Mechanical stimulation of a single astrocyte, by
gently poking the cell with a glass micropipette, initi-
ated an intercellular Ca2wave that propagated through
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the astrocytes, crossed the astrocyte-endothelial inter-
face, and propagated further through the endothelial
cells (n  25; Fig. 1C,D). Astrocyte-endothelial Ca2
waves were observed even with the stimulated astro-
cyte located as far as 100 µm away from the interface
line with the endothelial cells. Conversely, mechanical
stimulation of an endothelial cell initiated an intercellu-
lar Ca2 wave that propagated from the endothelial
cells to the astrocytes (n  8; not shown). These Ca2
waves propagated through astrocytes and endothelial
cells with a velocity of 10 to 20 µm/s and were delayed,
for up to 1 s, at the astrocyte-endothelial interface.
Flash Photolysis of Caged IP3 Induces
Intercellular Ca2 Waves in Astrocytes
and Endothelial Cells
Microinjection of an astrocyte with caged IP3 and
exposure of the same cell to a focused beam of UV light
(duration, 0.5–2 s, applied 3–5 min after injection,
hereafter called UV flash) induced an increase of [Ca2]i
in the exposed cell and initiated an intercellular Ca2
wave that propagated in all directions through the
surrounding astrocytes (n  14; Fig. 2A). Ca2 waves
induced by flash photolysis of caged IP3 traveled radi-
Fig. 1. Propagation of an intercellular Ca2 wave from astrocytes to
endothelial cells. A: Phase-contrast image of a typical astrocyte-
endothelial co-culture. The circular region contains the endothelial
cells and is surrounded by astrocytes; both cell types could be easily
distinguished on phase-contrast. B: GFAP immunostaining of the
same culture region shown in A, demonstrating GFAP-positive astro-
cytes surrounding GFAP-negative endothelial cells. C: GFAP immuno-
staining of a different region of an astrocyte-endothelial co-culture
from which [Ca2]i images are presented in D. The white line indicates
the astrocyte-endothelial interface. D: Time series of [Ca2]i images
calculated from fura-2 fluorescence (time is indicated in the upper
right corner). The images represent changes of [Ca2]i and are
pseudocolored as defined in the calibration bar; each image is the
average of eight video frames. The image series shows an intercellular
Ca2 wave initiated by mechanical stimulation (at time zero) of the
astrocyte marked with an arrow. The Ca2 wave propagated through
the astrocytes, crossed the astrocyte-endothelial interface, and propa-
gated further through the endothelial cells. Scale bars: A: 160 µm;
C: 40 µm.
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ally over distances ranging from 30 to 80 µm, averaging
46  4 µm (n  14). By contrast, mechanically induced
intercellular Ca2 waves often propagated further than
80 µm, indicating that the mechanical stimulus is a
stronger stimulus and either results in the production
of more IP3 or additionally releases an extracellularly
diffusing Ca2-mobilizing messenger such as ATP (Osip-
chuk and Cahalan, 1992; Hassinger et al., 1996; Cao et
al., 1997). Injection of caged IP3 into an endothelial cell
followed by a UV flash induced an endothelial intercel-
lular Ca2 wave (n  4). Ca2 wave propagation in
endothelial cells was restricted to a few (one to four)
adjacent cells (Fig. 2C), probably because gap junc-
tional coupling is less extensive in endothelial cells as
compared with astrocytes. In control experiments in
which the cultures were not injected with caged IP3, the
application of a UV flash (0.5–2 s) to individual cells did
not induce any change of [Ca2]i in the flashed or
surrounding cells.
Interestingly, intercellular Ca2 waves could also be
initiated by applying a UV flash to astrocytes located up
to 100 µm away from the caged IP3 injection point (n 
30; Fig. 2B). This indicates that caged IP3 can diffuse
between cells, most likely via gap junctions. The propa-
gation distance of Ca2 waves induced by flashing cells
100 µm away from the injection point was approx. 75%
of the propagation distance of waves evoked by directly
flashing the injected cell (n  3). Multiple exposures of
the injected astrocyte, or a distant astrocyte, to a UV
flash, with several minutes in between each exposure,
repeatedly initiated intercellular Ca2 waves with a
comparable [Ca2]i increase and a comparable travel
distance. This indicates that a single UV flash does not
deplete all of the available caged IP3 or that caged IP3 is
replenished by diffusion from surrounding cells. Appli-
cation of a UV flash 2 h after injection was still able to
initiate an intercellular Ca2 wave, illustrating that
the breakdown of caged IP3 by phosphatases is very
Fig. 2. Time series of fluo-3 fluorescence images illustrating re-
sponses induced by photolysis of caged IP3. The images represent
changes in fluorescence relative to the resting level and an increase in
the relative fluorescence corresponds to a [Ca2]i increase. A: Injection
of an astrocyte (vertical arrow in the first image) with caged IP3 and
subsequent exposure of this cell to a UV flash for 2 s (first three
images) initiated a Ca2 wave that propagated over the surrounding
astrocytes in a radial manner. At the end of this experiment, the
culture was moved so that the astrocyte marked with a horizontal
arrow in the last image was located in the center of the images shown
in series B. B: Applying the UV flash to the noninjected astrocyte in
the center (arrow; this cell was located approx. 100 µm away from the
injected astrocyte) also initiated an extensive astrocytic intercellular
Ca2 wave. C: Flashing an endothelial cell (arrow) injected with caged
IP3 initiated an intercellular Ca2 wave, but wave propagation was
limited to immediate neighboring cells. In some experiments (e.g., A),
the UV flash appeared to partially bleach the dye in the exposed cell.
Scale bar: 40 µm.
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slow (Walker et al., 1987). Making use of the ability to
initiate multiple Ca2 waves by repeated stimulation of
the same cell, it was found that the propagation dis-
tance of intercellular Ca2 waves increased with the
duration of the UV flash (n  2). This demonstrates
that there is a dose-response relationship between the
amount of photolytically released IP3 and the distance
traveled by the wave (Fig. 3).
Flash Photolysis of Caged Ca2 Induces Only
a [Ca2]i Increase
The increase in [Ca2]i induced in the stimulated cell
by flash photolysis of caged IP3 raises the possibility
that the intercellular Ca2 wave was propagated by the
diffusion of Ca2 ions to adjacent cells via gap junctions.
To test this hypothesis, we performed experiments with
caged Ca2 (NP-EGTA). Application of a UV flash, up to
2 s duration, to individual astrocytes in cultures that
had been ester loaded with NP-EGTA caused an in-
crease of [Ca2]i in the stimulated cell but did not
initiate a propagating Ca2 wave (n  8; Fig. 4A). The
[Ca2]i increase induced by the photolytic release of
Ca2 was of the same order (sometimes even larger), as
judged from the increase in fluo-3 fluorescence immedi-
ately after the UV flash, of the [Ca2]i increase induced
by photolytic release of IP3. Ca2 measurements with
fluo-3 cannot be reliably expressed as Ca2 concentra-
tions, but comparison of the fluo-3 fluorescence increase
brought about by agonists such as ATP (0.1–1 µM) with
the [Ca2]i increase induced by the same agonist and
ratiometrically measured with fura-2 indicate that the
[Ca2]i increase after photolytic Ca2 release attained a
peak value in the order of 500–750 nM. With the
loading conditions used, NP-EGTA by itself had no
damping effect on Ca2 waves induced by mechanical
cell stimulation (n 8; Fig. 4B).
Flash Photolysis of Caged IP3 Induces Ca2
Waves From Endothelial Cells to Astrocytes
Experiments with caged IP3 were also performed in
the neighborhood of the interface between astrocytes
and endothelial cells. An astrocyte located two cells
away from the interface line was injected with caged
IP3, and after a delay of several minutes to allow for
diffusion, UV flashes were applied to either an astro-
cyte or an endothelial cell close to the interface. Flash-
ing an astrocyte close to the interface induced an
astrocytic Ca2, wave but this wave was never (n  14)
observed to cross the interface line and propagate
through the endothelial cells. In contrast, when the UV
flash was applied to an endothelial cell close to the
interface, this often (n  7) resulted in an increase of
[Ca2]i in the flashed endothelial cell that propagated
further to a limited number (1–5) of closely situated
astrocytes (n  7; Fig. 5A,B). These observations indi-
cate, first, that caged IP3 can diffuse from astrocytes to
endothelial cells via gap junctions and, second, that the
photolytically released IP3 is able to diffuse, also via gap
junctions, from endothelial cells to astrocytes.
DISCUSSION
The present work was performed to study IP3-
dependent Ca2 signaling in and between astrocytes
and endothelial cells in co-culture. The experiments
show that intercellular Ca2waves, induced by mechani-
cal cell stimulation, can propagate between astrocytes
and endothelial cells in the two directions. Further-
more, the experiments demonstrate that IP3 released
from the caged parent component is sufficient to induce
intercellular Ca2 waves in astrocytes and in endothe-
lial cells and can also mediate Ca2 wave propagation
at the astrocyte-endothelial interface. These results
will be discussed in the next paragraphs.
Mechanical stimulation of a single astrocyte induced
a Ca2wave that propagated from astrocytes to endothe-
lial cells. A direct effect of the mechanical stimulus on
the endothelial cells is very unlikely in these experi-
ments because there was always a clear delay (seconds)
between the application of the stimulus and the arrival
of the Ca2 wave in the endothelial cells. Compatible
with this conclusion is the fact that astrocyte-endothe-
lial Ca2 waves were also observed after mechanical
stimulation of astrocytes located at a considerable
distance (up to 100 µm) from the interface with the
endothelial cells.
Flash photolysis of caged IP3 initiated intercellularly
propagating Ca2waves, both in astrocytes and endothe-
Fig. 3. Graph showing the relation between the duration of the UV
flash and the propagation radius of the Ca2 wave in one experiment.
In these experiments, an astrocyte injected with caged IP3 was
repeatedly exposed to UV flashes of progressively longer duration,
with several minutes between each flash.
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lial cells. Such Ca2 waves can be propagated by the
intercellular diffusion of either the IP3 liberated upon
flash photolysis, of intracellular Ca2 ions released by
IP3 receptor activation, or of an extracellular messen-
ger released by the [Ca2]i increase and capable of
increasing [Ca2]i in adjacent cells. The experiments
with caged Ca2 showed that a [Ca2]i increase with a
magnitude similar to the [Ca2]i increase induced by
flash photolysis of caged IP3 was not enough by itself to
induce an intercellular Ca2 wave. These experiments,
furthermore, indicate that a [Ca2]i increase does not
result in the release of an extracellular Ca2-mobilizing
messenger and, thus, that the [Ca2]i increase in cells
that take part in the Ca2 wave will not produce such
an extracellular Ca2 messenger. Thus, it follows that
intercellular Ca2 waves, initiated by flash photolysis
of caged IP3, are based on the liberation and intercellu-
lar diffusion of IP3 and not of Ca2. The graded relation
observed between wave travel distance and amount of
photolytically released IP3 (Fig. 3) corroborates the
primary role of IP3 in Ca2 wave propagation and
further suggests that a regenerative mechanism is
probably not involved.
In addition to IP3 diffusion, the experiments also gave
evidence for the diffusion of caged IP3 between the cells.
The most likely pathway for intercellular diffusion of
the two inositol phosphate compounds is formed by the
gap junctions. The molecular weights of both sub-
stances (437 and 635, respectively) are below the
maximum for gap junctional permeation (approx. 1000).
In addition, both substances carry charged phosphate
groups rendering them hydrophilic and making them
unlikely to directly traverse the plasma membrane.
Similarly, experimental work on other cell types has
suggested that IP3 (Saez et al., 1989) and also caged IP3
(Carter et al., 1996) can permeate through gap junc-
tions.
The idea that it is IP3 and not Ca2 that mediates
cell-to-cell propagation of Ca2 waves induced by flash
photolysis of caged IP3 is compatible with the fact that
the cytoplasmic diffusion of Ca2 is much slower as
compared with IP3 (Allbritton et al., 1992). Conse-
quently, IP3 diffusing through gap junctions will arrive
and exert its effect on IP3 receptors in advance of Ca2.
Furthermore, Ca2 waves can be initiated without an
increase of [Ca2]i in the stimulated cell (Sanderson,
1996), Ca2 wave propagation is independent of the
magnitude of the [Ca2]i increase (Charles et al., 1993),
and Ca2 oscillations in individual cells do not initiate
intercellular Ca2 waves (Charles et al., 1992). This
Fig. 4. Time series of fluo-3 images (relative fluorescence changes) illustrating responses induced by
photolysis of caged Ca2 (NP-EGTA). A: Flashing an astrocyte (arrow) for 1.5 s increased [Ca2]i only in
the stimulated cell. B: Mechanical stimulation (arrow) of the same cell initiated an intercellular Ca2
wave, demonstrating that NP-EGTA loading was without effect on Ca2wave propagation. Similar results
were obtained when the mechanical stimulation was done before the UV flash. Scale bar: 40 µm.
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does, however, not exclude the possibility that the
cell-to-cell diffusion of Ca2 may contribute to Ca2
wave propagation under certain conditions, such as, for
example, after IP3 receptor sensitization by a low
background concentration of IP3, as described by Yule
et al. (1996). Such IP3 receptor sensitization could
transform the cytoplasm to an excited medium that
could possibly mediate intercellular Ca2 waves that
are initiated by an increase in [Ca2]i and that are
propagated by Ca2 diffusion and Ca2-induced Ca2
release (M.J. Berridge, personal communication).
We performed an approximate calculation to obtain
an estimate of the IP3 concentration reached upon flash
photolysis in our experiments. Assuming a simple
model, whereby the injected amount of caged IP3 (1 pl
at 1 mM concentration) becomes homogeneously distrib-
uted over a circular region of 100 µm radius (distance
from injection point where a UV flash still caused a
Ca2wave) and 5 µm thickness (cell depth), the intracel-
lular concentration of caged IP3 was calculated to be
approximately 6 µM. Taking into account a photolytic
efficiency of approx. 85% (for calculation, see Materials
and Methods) and an illumination area of 50% of the
cell area, an initial intracellular IP3 concentration in
the order of 2.5 µM appears to be sufficient to initiate an
intercellular Ca2 wave. This value is very similar to
the IP3 concentration necessary to produce an intercel-
lular Ca2 wave estimated from modeling studies (3
µM) (Sneyd et al., 1995).
Experiments with caged IP3 injection in an astrocyte
and subsequent application of a UV flash to individual
cells at either side of the astrocyte-endothelial interface
showed that the Ca2 waves induced in this way
propagated from endothelial cells to astrocytes but not
vice versa. The reason for this apparent rectification is
not clear but may be related to a lower gap junctional
conductance in the astrocyte-endothelial direction or to
a lower affinity of IP3 receptors in endothelial cells as
compared with astrocytes. Both astrocytes and endothe-
lial cells express connexin-43 (Dermietzel and Spray,
1993), suggesting that rectifying gap junctions are
unlikely. Taking into consideration that mechanically
induced waves were able to propagate from astrocytes
to endothelial cells and that caged IP3 was able to
diffuse from astrocytes to endothelial cells, the most
likely interpretation is that the energy of the UV flash
was not sufficient to liberate enough IP3 to initiate
waves from astrocytes to endothelial cells.
Currently, the extent of gap junctional coupling be-
tween astrocytes and endothelial cells at the blood-
brain barrier is not clearly established. Junctional
specializations between the two cell types have not
been observed with histological techniques, but it is
possible that a low density of gap junctions would
escape detection by morphological criteria. By contrast,
gap junctions are especially abundant during brain
development, suggesting that both cell types may be
well coupled during embryogenesis. Alternatively, ex-
pression of gap junctions might be transiently stimu-
lated under pathological conditions where the barrier is
disrupted and is being remodeled, e.g., after brain
injury, brain edema, or brain tumors. We suggest that
astrocyte-endothelial Ca2 signaling might be to influ-
ence certain blood-brain barrier functions. For ex-
ample, an increase of [Ca2]i in endothelial cells can
induce cell contraction and thereby increase the perme-
ability of the barrier by opening the paracellular path-
way (Bradbury, 1993; Hariri, 1994). An increase of
[Ca2]i in endothelial cells can also stimulate fluid-
phase endocytosis (Stanimirovic et al., 1996). Thus,
astrocytic intercellular Ca2 waves, perhaps induced
during the acute phase of traumatic brain injury, could
contribute to the initiation of brain edema. Another
possibility is that astrocyte-endothelial Ca2 waves are
Fig. 5. Time series of fluo-3 images, illustrating an endothelial-
astrocyte Ca2 wave initiated by flash photolysis of caged IP3. A: Raw
fluo-3 fluorescence image. An astrocyte (black arrow) located approxi-
mately 45 µm left of the astrocyte-endothelial interface (white line)
was injected with caged IP3 and an endothelial cell (white arrow) was
exposed to a UV flash. B: Flashing the endothelial cell (white arrow)
induced a [Ca2]i increase that propagated to an adjacent endothelial
cell and crossed the interface to continue propagation through several
astrocytes. Scale bar: 40 µm.
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involved in neurovascular coupling, i.e., the matching
of the uptake of energy substrates from the microcircu-
lation to the local neuronal metabolic needs. Neuronal
metabolic needs depend on the electric activity of the
neurons, and glutamate released by neuronal electric
activity is known to induce astrocytic Ca2 waves (Dani
et al., 1992). Furthermore, the GLUT-1 glucose trans-
porter present in endothelial cells, and also in astro-
cytes (Vannucci et al., 1997), has been reported to
increase its expression in response to an increase in
[Ca2]i (Mitani et al., 1995, 1996; Dominguez et al.,
1996). Astrocyte-endothelial Ca2 signals triggered by
neuronal activity could thus act by stimulating glucose
uptake from the microcirculation.
In summary, we conclude that an elevation of IP3 in a
single cell is sufficient to initiate an intercellular Ca2
wave that is propagated by the diffusion of IP3 through
gap junctions. Intercellular diffusion of Ca2 via gap
junctions does not play a major role in this mode of Ca2
wave initiation. In addition, intercellular Ca2 waves
can propagate between astrocytes and endothelial cells
in co-culture, and Ca2 wave propagation can, in part,
be explained by the diffusion of IP3 between the two cell
types.
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Abstract The purpose of the present work was to char-
acterize calcium responses of brain-capillary endothelial
cells (BCEC), the cells forming the blood-brain barrier,
to chemical, hyperosmolar and mechanical stimulation.
Confluent BCEC cultures were grown from capillary
fragments isolated from rat cerebral cortex. Intracellular
free calcium ([Ca2+]i) was measured using fura-2 and
digital imaging. Our experiments show large endothelial
calcium responses to substance P and ATP, up to a peak
value of approximately 1000 and 600 nM, respectively,
and these responses were observed in 2/3 of the cells.
Calcium responses to bradykinin, histamine, and hyper-
osmolar sucrose or mannitol were smaller, attaining a
peak in the range 180–340 nM, and were observed in a
smaller fraction of the cells. No calcium responses were
observed to high-potassium, L-glutamate, serotonin, car-
bachol, noradrenalin, and nitric-oxide donors. Consecu-
tive superfusion of the cultures with ATP, bradykinin,
and histamin showed that cells with a certain response
pattern were spatially grouped; the response pattern itself
varied widely between experiments. Mechanical stimula-
tion of a single cell caused a calcium response in the
stimulated cell in primary cultures and triggered an inter-
cellularly propagating calcium wave in passaged cul-
tures. Given the important effect of endothelial [Ca2+]i
on blood-brain barrier permeability and transport, we
conclude that substance P and ATP are potential modula-
tors of blood-brain barrier function. Hyperosmolarity-in-
duced blood-brain barrier opening is probably not medi-
ated through endothelial [Ca2+]i.
Key words Endothelial cells · Blood-brain barrier ·
Intracellular free calcium · Calcium imaging ·
Calcium waves
Introduction
Endothelial cells from brain capillaries constitute the
blood-brain barrier that separates the brain interstitial en-
vironment from the blood circulation. The actual barrier
results from a low rate of endothelial transcytosis and the
presence of tight junctions between the endothelial cells.
Transport of nutrients and metabolites over the blood-
brain barrier occurs by specific transport mechanisms,
such as the endothelial glucose transporter type 1
(GLUT-1) (Giaume et al. 1997; Vannucci et al. 1997),
amino-acid carriers (Lefauconnier 1992), and certain vi-
tamin transporters (Pratt 1992). Several substances are
known to increase the permeability of the blood-brain
barrier, such as bradykinin, serotonin, histamine, ATP,
arachidonic acid, and leukotrienes (Bradbury 1993; Ha-
riri 1994), while substances such as angiotensin-II
(Stanimirovic et al. 1996), hormones (Shi and Simpkins
1997), and brain-derived peptides (cerebrolysin, C1)
(Boado 1996) can activate the transport across the barri-
er. Various second messengers, including cAMP, cGMP,
and inositol-trisphosphate (IP3), have been proposed to
be able to mediate these effects (Joó 1993, 1994). Some
of the agonists acting on blood-brain barrier permeability
also produce an increase of intracellular free calcium
([Ca2+]i) in endothelial cells (Revest et al. 1991), and
calcium ions have, based on this evidence, been put for-
ward as another possible downstream messenger. Re-
garding calcium, it is hypothesized that an increase of
[Ca2+]i results in endothelial cell contraction, causing the
cells to tear apart, thereby increasing the paracellular
permeability (Olesen 1989; Bradbury 1993; Hariri
1994). Recently, it has been shown that IP3, a major
physiological calcium-mobilizing messenger, mediates
angiotensin-II-induced activation of endothelial fluid-
phase endocytosis (Stanimirovic et al. 1996), thus impli-
cating the calcium signaling pathway in barrier shunting
through stimulation of transcytosis. Calcium ions are,
furthermore, known to modulate the carrier-mediated
transport of corticotropin-releasing hormone (Martins et
al. 1997) and the expression of the GLUT-1 transporter
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(Mitani et al. 1995, 1996; Dominguez et al. 1996), which
is the blood-brain-barrier glucose transporter. Given the
importance of calcium ions in the functioning of endo-
thelial cells and the blood-brain barrier, we were interest-
ed in investigating the effects of various agonists on
[Ca2+]i of brain capillary endothelial cells (BCEC). En-
dothelial calcium responses to ATP, histamine, and bra-
dykinin have previously been described in BCEC (Re-
vest et al. 1991), but this study did not present quantita-
tive data on the observed [Ca2+]i changes. Taking into
account that endothelial [Ca2+]i is a major factor deter-
mining blood-brain barrier permeability (Olesen 1989;
Bradbury 1993; Hariri 1994), the purpose of the present
study was to quantify endothelial calcium responses,
both in terms of the attained peak calcium concentrations
and of the fraction of cells responding to a particular
substance. ATP, bradykinin, and histamine were tested as
well as a number of other potential [Ca2+]i-increasing ag-
onists, including substance P, serotonin, carbachol, and
noradrenalin, which are known calcium agonists in pe-
ripheral vascular endothelial cells (Hester 1989; Sato et
al. 1990). In addition, we investigated whether a number
of substances such as L-glutamate, hyperosmolar manni-
tol, and sucrose, substances that are used clinically and
experimentally to transiently open the blood-brain barri-
er and deliver therapeutic drugs to the brain, could per-
haps exert their effect through an increase of endothelial
[Ca2+]i.
Previous work of our group has given evidence that as-
trocytes and endothelial cells can produce cell-to-cell
propagating calcium changes, which also communicate
between these two cell types (Leybaert et al. 1998a; 
Sanderson et al. 1998). Evidence for this was obtained in
astrocyte-endothelial co-cultures prepared from primary
rat brain cortical astrocytes and an endothelial cell line
(ECV304). In the present study, we were interested in
knowing whether intercellularly spreading calcium chang-
es could also be induced in primary cultures of BCEC.
Materials and methods
Cell cultures
Brain capillary endothelial cells were isolated from the brains of
2- to 3-month-old Wistar rats, according to an adaptation of the
method described by Male (1995). Animals were decapitated, and
the brain was rapidly removed and placed in cold isolation medi-
um supplemented with 5 mg/ml BSA. The isolation medium was
composed of 0.4 g/l KCl, 0.06 g/l KH2PO4, 8 g/l NaCl, 0.35 g/l
NaHCO3, 0.048 g/l NaHPO4, 2.383 g/l HEPES, 100 IU/ml penicil-
lin, and 100 µg/l streptomycin. After careful removal of the
meninges and the white matter, the grey matter of the cerebral cor-
tex was cut into 2–3 mm pieces. Tissue fragments isolated from
two brains were enzymatically dissociated for 2 h at 37°C in 10 ml
digestion medium. Digestion medium was Dulbecco’s Modified
Eagles Medium (DMEM), to which 50 mg collagenase-IA, 8.3
Kunitz units DNAse-I, and 73.5 ng N-α-p-tosyl-L-lysine chloro-
methyl ketone (TLCK) were added (all products from Sigma,
Bornem, Belgium). Enzymatic digestion was followed by mechan-
ical trituration with a 10 ml plastic pipette and, thereafter, a Pas-
teur pipette. The resulting suspension was centrifuged, and the
pellet was layered on top of a 25% BSA solution (5 g BSA in 
20 ml isolation medium), which was centrifuged for 20 min at
1000 g in order to separate capillary fragments. The supernatant
was removed, and the pellet was resuspended in 5 ml of DMEM
supplemented with 10% fetal calf serum (FCS) (heat-inactivated
FCS, Gibco, Merelbeke, Belgium) and triturated by passing this
suspension several times in and out of a 10 ml plastic pipette and,
subsequently, a Pasteur pipette. The suspension was then passed
over a filter with a mesh size of 120 µm and, thereafter, over a fil-
ter with a 20 µm mesh size (Scrynel, VEL, Leuven, Belgium). The
material retained on the 20 µm filter was submitted to a second en-
zymatic digestion by resuspension in 4 ml DMEM-10% FCS con-
taining 0.5 ml of digestion medium and 0.5 ml trypsine [trypsine
×10 [1:250), Gibco, Merelbeke, Belgium] for 1 h at 37°C. The
suspension was then centrifuged, resuspended in 10 ml of DMEM-
10% FCS, and plated onto glass-bottom microwell dishes
(MatTek, Ashwood, Massachusetts, USA) coated with collagen
type IV (Sigma, Bornem, Belgium) and fibronectin (Gibco, Mere-
lbeke, Belgium). The cells were left in that solution for 1–2 h to
allow the suspended material to sediment and attach to the coated
glass surface. At that stage, the culture appeared with individual
cells, cell clumps, and capillary-like structures. Thereafter, the me-
dium was changed to growth medium, consisting of DMEM-10%
FCS with 0.5% heparin, 1% Minimal Essential Medium non-es-
sential amino acid solution (Sigma, Bornem, Belgium), 100 IU/ml
penicillin, and 100 µg/ml streptomycin (Gibco, Merelbeke, Bel-
gium), mixed at a ratio of 1:1 with astrocyte-conditioned medium
(ACM). After the switch to growth medium containing ACM,
most of the individual cells were washed away and the culture
consisted mainly of cell clumps and capillary-like fragments.
These cultures were subsequently grown to confluence over 5–7
days in the presence of growth medium containing ACM, which
was refreshed every 3 days. The level of contaminating cells was
greatly reduced by rinsing the cultures at their first feed (day 3)
with cold Ca2+/Mg2+-free balanced salt solution, which preferen-
tially detaches contaminating cells. ACM was prepared by adding
5 ml of DMEM-10% FCS for 48 h to purified astrocyte cultures in
50 ml Falcon tissue flasks, followed by removal of the medium,
filtration through a filter with a 0.2 µm pore size, and either imme-
diate usage or storage at –20°C. Purified astrocyte cultures were
obtained by overnight shaking (250 rpm) of mixed glial-cell cul-
tures prepared from neonatal rat cortex, using a procedure previ-
ously described (Leybaert et al. 1998a), based on the method de-
scribed by McCarthy and de Vellis (1980). All the experiments
were performed on confluent primary, i.e., non-passaged, cultures,
with the exception that, in some experiments with mechanical
stimulation, we also used confluent single-passaged cultures. The
two types of cultures were handled identically except for the fact
that the primary cultures were never passaged.
Primary human umbilical-vein endothelial cells (for control
experiments) were isolated from human umbilical vein using a
0.1% bacterial collagenase solution (Sigma, Bornem, Belgium)
and were subsequently seeded on gelatin-coated glass-bottom Pet-
ri dishes. The cells were grown to confluence in RPMI supple-
mented with glutamine, FCS, penicillin, streptomycin (all prod-
ucts from Gibco, Merelbeke, Belgium), heparin (Sigma, Bornem,
Belgium), and endothelial cell-growth factor (Boehringer Mann-
heim, Brussels, Belgium). We also used the endothelial cell line
ECV304 derived from human umbilical vein (ECACC number
92091712, European Collection of Cell Cultures, Salisbury, UK),
which was originally described by Takahashi et al. (1990). These
cells were also seeded on glass-bottom Petri dishes and grown in
M199 supplemented with glutamine and FCS (all products from
Gibco, Merelbeke, Belgium).
Cell identification
The nature of the cells in the BCEC cultures was determined using
a staining for factor-VIII-related antigen (von Willebrand factor)
and the uptake of LDL. Von Willebrand-factor immunostaining
was performed by fixing the cultures in 4% formaldehyde for 
20 min, followed by 10 min formaldehyde quenching in PBS with
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50 mM NH4Cl, plasmamembrane solubilization for 5 min in PBS
with 0.2% Triton X-100, and finally blockage of non-specific
binding sites by incubation for 5 min in PBS containing 5% BSA.
The primary antibody, rabbit anti-human factor-VIII (Dako, Pro-
san, Gentbrugge, Belgium), was applied for 1 h at a dilution of
1/50 in PBS. The secondary antibody, FITC-labeled swine anti-
rabbit (Dako, Prosan, Gentbrugge, Belgium), was applied for 1 h
at a dilution of 1/20. The entire procedure was performed at room
temperature. LDL staining was performed by incubating cultures
for 4 h at 37°C in growth medium containing 10 µg/ml DiI-ace-
tylated-LDL (Molecular Probes, Leiden, The Netherlands) (Net-
land et al. 1985).
Experimental setup
[Ca2+]i was measured using the calcium-sensitive dye fura-2 in
combination with epifluorescence video microscopy and digital
imaging. The cultures were loaded with 10 µM fura-2-AM (Mole-
cular Probes, Leiden, The Netherlands) in DMEM-10% FCS with
0.05% pluronic for 1 h at 37°C. Cultures were then washed with
Hanks’ balanced salt solution, buffered at pH 7.4 with 25 mM
HEPES (HBSS-HEPES) and left at room temperature for 30 min.
Thereafter, cultures were transferred to the stage of an inverted
microscope (Nikon Diaphot, Belgium) and were viewed with a
×40 oil-immersion lens. An inlet and outlet pipette of a superfu-
sion system were positioned close to the region where measure-
ments were to be performed. All experiments were done with the
cells continuously superfused with HBSS-HEPES at a rate of 
1 ml/min and at room temperature. The cells were excited with
light alternating between 340 and 380 nm using a Xenon lamp in
combination with an optical filterswitch (Cairn, Kent, UK). The
excitation cycle consisted of 1 s exposure to 340 nm and 10 s to
380 nm. The dichroic mirror had a cut-off at 400 nm, and the
emission was bandpass filtered at a center wavelength of 510 nm.
Images were acquired with an intensified CCD camera (Extended
Isis, Photonic Science, UK) connected to the microscope output
port. The images were stored on a S-VHS videorecorder (Panason-
ic type AG-7750, Avicom, De Pinte, Belgium) and were replayed
for analysis after the experiment. Images were digitized and ana-
lyzed using an image processor (Imaging Technology, series
IT151, USA; Data Translation, DT3155, Mass., USA) connected
to a PC and using custom developed software in C. [Ca2+]i traces
at selected points within the image were calculated from the 
380-nm excitation signal in combination with 340/380-nm excita-
tion ratio pairs, which were acquired every 10 s, following a meth-
od described by Leybaert et al. (1998b). Calibration was per-
formed in vitro using calcium-free and fura-2 saturating solutions
sandwiched between two coverslips. Rmin averaged 0.187±0.037,
Rmax 2.07±0.08 and Fo/Fs 3.38±0.46.
Cell stimulation
The cells were stimulated with chemical agonists and by mechani-
cal stimulation. All chemical agonists used in the experiments,
i.e., ATP, bradykinin, histamine, substance P, serotonin, carbachol,
noradrenaline, thimerosal (all from Sigma, Bornem, Belgium), and
A23187 (Molecular Probes, Leiden, The Netherlands), were added
via the superfusion system and were applied for 1 min, except for
the hyperosmolar mannitol and sucrose solutions, which were ap-
plied for only 30 s. Mechanical stimulation of a single cell was
performed by gentle stimulation with a glass microneedle mounted
on a piezo-electric device and driven by a single square pulse of
100 ms duration. Hyperosmolar cell stimulation was performed by
superfusion with HBSS-HEPES containing 1.4 M sucrose or man-
nitol.
Data analysis and statistics
The data are expressed as mean±SEM. [Ca2+]i increases induced
by agonist application were determined in individual responsive
cells and were averaged over different experiments. The n given in
the text represents the number of experiments on different cul-
tures. Very large increases of [Ca2+]i, as observed with, e.g.,
A23187 and thimerosal, can not be reliably quantified using fura-2
and are therefore denoted as “>1000 nM”. Statistical significance
was tested using a t-test for unpaired observations, unless other-
wise mentioned, and a P value less than 0.05 was considered as
statistically significant.
Results
Immediately after plating, the cultures appeared as capil-
lary-like structures, composed of rounded cells, dis-
persed all over the culture dish. Within one day after
plating, cells started to grow out from the capillaries to
form small islands of endothelial cells, and, after 5–7
days, the cultures had grown to confluence. The cells
took a spindle-shape form typical of blood-brain-barrier
endothelial cells. Staining for DiI-acetylated-LDL uptake
and for factor-VIII-related antigen showed that the ma-
jority (i.e., more than 90%) of the cells in these cultures
were endothelial cells. DiI-acetylated-LDL labeling was
punctate and predominantly located around the nucleus;
vWF labeling was granular and also more pronounced
perinuclearly (Fig. 1). Sparse, negatively staining cells
can, in principle, be smooth-muscle cells or glial cells,
but are most probably pericytes, since pericytes are situ-
ated within the basal membrane surrounding capillaries
and, thus, remain associated with the capillary fragments
(Male 1995). These cells were easily recognizable as
small and irregular cells in phase contrast, often situated
in a focal plane different from the endothelial cells. The
BCEC cultures used in the calcium-imaging experiments
were chosen to contain a minimum of these contaminat-
ing pericytes.
We investigated the effect of a number of chemical
agonists on [Ca2+]i in these primary endothelial-cell cul-
tures. Stimulation with the calcium ionophore A23187 
(5 µM; all agonists were applied during 1 min, unless
otherwise stated) caused a reversible elevation of [Ca2+]i
from the resting value of approximately 100 nM to a lev-
el above 1000 nM in all the cells within the observation
field. The inflammatory mediators ATP (100 µM), bra-
dykinin (10 µM), and histamine (100 µM) also induced a
transient [Ca2+]i increase (Fig. 2), but this response was
not observed in all the cells. Approximately two thirds of
the cells responded to ATP, almost half of the cells re-
sponded to bradykinin, and approximately one third of
the cells displayed a response to histamine. Table 1 illus-
trates the fraction of responsive cells, and the peak
[Ca2+]i values are summarized in Table 2. From the neu-
rotransmitters glutamate, carbachol (a cholinergic ago-
nist), noradrenalin, substance P, and serotonin, only sub-
stance P (1 µM) was able to induce a [Ca2+]i increase,
and this [Ca2+]i increase was significantly higher(P<0.05) than the calcium responses to bradykinin and
histamine, but not significantly higher than the ATP-in-
duced calcium peak. Approximately two thirds of the
cells responded to substance P. Depolarization of the
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cells with potassium chloride (50–130 mM) did not re-
sult in any [Ca2+]i change. We also tested the effect of
superfusion of the cells with a hyperosmolaric solution
containing mannitol or sucrose. Both mannitol and su-
crose (1.4 M, applied during 30 s) induced [Ca2+]i in-
creases that were significantly above (P<0.05) the rest-
ing [Ca2+]i level, but that were not significantly different
from each other. The response to these two agents was
observed in approximately one third of the cells, and the
calcium peaks in these cells were followed by a com-
plete recovery. Compared to the calcium responses to in-
flammatory mediators or substance P, the hyperosmolar-
induced calcium responses occurred with a delay, attain-
ing a peak value 258±18 s and 306±71 s after the start of
the 30 s hyperosmolar challenge with mannitol and su-
crose, respectively (both time-to-peaks not significantly
different). None of the nitric-oxide (NO) donors nitro-
prusside or nitroglycerin (both at 100 µM) induced a
change in [Ca2+]i. Thimerosal (100 µM), a sulfhydryl ox-
idizing agent known to mobilize calcium from intracellu-
lar stores in certain cell types, caused a [Ca2+]i increase
to above 1000 nM in almost all the cells. Upon survey-
ing the fraction of responsive cells to various agonists
summarized in Table 1, it appears that there was a large
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Fig. 1A–D Brain-capillary en-
dothelial cell (BCEC) cultures.
A Phase-contrast image of a
cortical capillary shortly after
isolation. B Phase-contrast im-
age of a confluent BCEC cul-
ture. C Fluorescence image of
cells labeled with DiI-acetyla-
ted LDL. D Immunostaining
for von Willebrand factor. The
scale bar delineates 50 µm in
A, 200 µm in B, and 30 µm in
C and D
Fig. 2 Examples of responses
to chemical agonists. Changes
in the intracellular free-calcium
concentration ([Ca2+]i) are rep-
resented as the change of the
fura-2 ratio relative to the rest-
ing ratio (∆R/R). Large calcium
responses were observed with
ATP and substance P (SP),
while moderate responses were
observed with histamine (Hist)
and bradykinin (BK). The low-
er two traces illustrate that hy-
perosmolaric sucrose and man-
nitol solutions (1.4 M) resulted
in small calcium changes
variability from experiment to experiment, as can be in-
ferred from the SEM and range given.
In some experiments we consecutively superfused the
culture with the agonists ATP, histamine, and bradykinin,
with a recovery period of more than 10 min between
each application (using the same concentrations as men-
tioned above). These experiments revealed that the spa-
tial pattern of responsive cells differed quite substantial-
ly between the different agonists. Cells or groups of cells
could be identified that responded to only one agonist,
others that responded to two or three agonists, and still
others that did not react to any agonist (Fig. 3). In order
to further analyze this response heterogeneity, we divid-
ed the cells in eight categories based on the different
possible combinations of responsiveness/non-respon-
siveness for the three agonists. Such analysis showed
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Table 1 Percentages of cells responsive to various stimulation
protocols, listed in decreasing order of responsiveness
Agonist Concentration Responsea Range
(mean±SEM)b (min–max)
A23187 5 µM 100±0%
Thimerosal 100 µM 97±2% 93–100%
ATP 100 µM 71±27% 29–100%
Substance P 1 µM 69±18% 50–95%
Bradykinin 10 µM 45±33% 0–90%
Hyperosmolar 1.4 M 39%±7% 5–50%
sucrose
Hyperosmolar 1.4 M 35%±6% 10–50%
mannitol
Histamine 100 µM 35±30% 0–90%
Carbachol 100 µM 0%
Glutamate 100–1000 µM 0%
Nitroglycerin 100 µM 0%
Nitroprusside 100 µM 0%
Noradrenalin 100 µM 0%
Potassium 50–130 mM 0%
chloride
Serotonin 100 µM 0%
a The percentage of responsive cells is expressed relative to the to-
tal number of cells within the observation field
b n=6 for all agonists listed, except for ATP (n=9), bradykinin
(n=8), and histamine (n=8)
Table 2 Peak intracellular free-calcium concentrations ([Ca++]i)
following administration of several agonists (in descending order)
Agonist Concentration Peak [Ca++]ia Number of (nM) (mean±SE) experiments
A23187 5 µM >1000 6
Thimerosal 100 µM >1000 6
Substance P 1 µM 1033±296 6
ATP 100 µM 627±206 9
Histamine 100 µM 338±108 8
Bradykinin 10 µM 268±61 8
Hyperosmolar 1.4 M 186±56 6
mannitol
Hyperosmolar 1.4 M 183±33 6
sucrose
a The resting [Ca++]i was 105±7 nM (n=25)
Fig. 3 Spatial clustering of calcium-responsive cells. Fluorescence
image (380 nm excitation) of a primary brain-capillary endothelial
cell (BCEC) culture loaded with the calcium-sensitive dye, fura-2.
Consecutive superfusion of the same zone within a BCEC culture
with ATP, histamine, and bradykinin showed that calcium-respon-
sive cells were clustered in groups, as delineated by the dotted
white lines. Cells in region A were all responsive to ATP, hista-
mine, and bradykinin. Cells in region B were only responsive to
ATP. Cells in region C were not responsive to ATP, histamine, or
bradykinin. Cells in region D only responded to histamine
Fig. 4 A large heterogeneity in response pattern to chemical ago-
nists was observed between different experiments. This graph il-
lustrates the response pattern observed in six different experi-
ments. All cells (30–40) within the field of view (600×800 µm)
were sorted according to their response pattern to the agonists
ATP, histamine (Hist), and bradykinin (BK). The graphs illustrate
that the relative proportion of the eight specific response patterns
differed widely from experiment to experiment
that the response pattern varied widely from experiment
to experiment (Fig. 4). The order in which the different
agonists were applied had no influence on the appear-
ance of this response pattern. We performed control ex-
periments on endothelial cells from peripheral origin in
order to check whether the response variability is related
to the BCEC per se or to other factors. Challenging
ECV304 endothelial cells (a human umbilical-vein endo-
thelial cell line) with ATP (100 µM, 1 min) produced a
calcium response in 88±3% of the cells (n=6; range:
83–91%) with no spatial clustering of the responsive
cells. Application of ATP and histamine (both 100 µM, 1
min) to primary cultures of human umbilical-vein endo-
thelial cells gave calcium responses in 97±1% and
98±1%, respectively, of the cells (n=6) with ranges of
92–100% and 94–100%. These peripheral endothelial
cells thus do not show the large inter-experiment vari-
ability observed in BCEC, as apparent from Table 1.
We investigated the spatial calcium response of
BCEC to gentle mechanical stimulation of a single cell
with a glass microneedle. In ECV304 endothelial cells
and also in aortic endothelial cells, mechanical stimula-
tion produces an intercellular calcium wave (Demer et
al. 1993; Leybaert et al. 1998a). Mechanical stimulation
of primary (non-passaged) BCEC caused an increase of
[Ca2+]i in the stimulated cell without any propagation to
neighboring cells (n=10; Fig. 5A, B). In passaged cul-
tures, mechanically induced [Ca2+]i increases were com-
municated away from the stimulation point, often as a
concentric intercellularly propagating calcium wave
(Fig. 5C, D). Calcium-wave propagation in these pass-
aged cultures occurred at a rate of 6.3±1.9 µm/s (n=6)
and the propagation radius averaged 42±4 µm (n=6).
Discussion
The purpose of the present work was to characterize cal-
cium responses of BCEC, the cells that constitute the
blood-brain barrier, to chemical messengers, stimulation
with hyperosmolaric solutions, and mechanical stimula-
tion. The calcium ionophore A23187 induced a rise of
[Ca2+]i in 100% of the cells, indicating that all the cells
in the cultures used were viable and contained enough
esterase activity to trap and hold fura-2 intracellulary.
The physiological agonists used in the present experi-
ments were applied at concentrations that were equal to
or above the concentrations known to produce a maxi-
mal response. ATP and substance P had the most pro-
nounced effects, concerning both the magnitude of the
induced [Ca2+]i increase and the fraction of the cells re-
sponding. ATP, as well as the other inflammatory medi-
ators histamin and bradykinin, have been previously re-
ported as calcium agonists on BCEC (Jacob et al. 1990;
Revest et al. 1991), but no efforts were undertaken to
quantify the observed calcium changes or the fractions
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Fig. 5A–D Mechanical stimu-
lation of brain-capillary endo-
thelial cell (BCEC) cultures.
A Fura-2 fluorescence image at
380 nm excitation of a primary
BCEC culture B Gray scale im-
age representing changes in
380 nm fluorescence (∆F380),
scaled according to the gray
scale. A decrease in ∆F380 cor-
responds to an increase in intra-
cellular free-calcium concen-
tration ([Ca2+]i). Mechanical
stimulation of the cell marked
with an arrow in A only pro-
duced an increase of [Ca2+]i in
the stimulated cell without any
further propagation. C Fura-2
fluorescence image of a BCEC
culture after the first passage.
D Gray scale image demon-
strating that mechanical stimu-
lation of the cell marked with
an arrow in C triggered an in-
crease in [Ca2+]i in the stimu-
lated cell, which was further
propagated to several neighbor-
ing cells
of responsive cells. Our results give an estimate of the
attained peak [Ca2+]i increases and, furthermore, show
that the effects of these substances are only observed in
a fraction of the cells, ranging from approximately two
thirds of the cells for ATP, somewhat less than half for
bradykinin, and approximately one third of the cells for
histamin. Substance P is a known calcium agonist in
vascular endothelial cells of peripheral origin (Davis et
al. 1997). In brain endothelial cells, substance P has
been reported to stimulate translocation of protein ki-
nase C from the cytosol to the membrane (Frelin and
Vigne 1993), but no action on endothelial [Ca2+]i has
been reported yet. The present experiments show that it
is also a very potent calcium agonist in a large fraction
(two thirds) of BCEC in primary culture. The magnitude
of the calcium response induced by substance P (1 µM)
was actually the largest of all physiological agonists
used in the present study, with a peak [Ca2+]i value in
the one micromolar range. Other neurotransmitter sub-
stances, such as L-glutamate, carbachol, serotonin, or
noradrenalin, had no effect; carbachol, serotonin, and
noradrenalin act, however, as calcium agonists on vas-
cular endothelial cells of peripheral origin (Hester 1989;
Sato et al. 1990). Depolarization of the cells with a high
potassium solution did not trigger any [Ca2+]i increase,
indicating absence of voltage-sensitive calcium influx
or release mechanisms. Endothelial cells in general and
BCEC in particular do not appear to be endowed with
functional voltage-gated calcium channels (Frelin and
Vigne 1993). This observation indicates that potassium
released from astrocytic endfeet through spatial potassi-
um buffering will not affect endothelial [Ca2+]i and will,
hence, not activate potassium transport to the capillary
lumen through calcium-dependent pathways. NO is an-
other messenger of particular interest to blood-brain
barrier physiology, as both astrocytes and endothelial
cells are biochemically equipped to produce and re-
spond to (with an increase of cGMP) this volatile mes-
senger (Murphy et al. 1993). NO can furthermore in-
crease blood-brain-barrier permeability (Shukla et al.
1996). Recently, it has been shown in oocytes that NO is
also able to induce [Ca2+]i changes, a response that is
mediated by cGMP-induced synthesis of the intracellu-
lar messenger cyclic ADP-ribose, with consequent re-
lease of calcium from ryanodine-sensitive calcium
stores (Willmott et al. 1996). Endothelial cells from var-
ious vascular beds are known to possess ryanodine-sen-
sitive calcium stores (Ziegelstein et al. 1994), so that
these cells are, in principle, possible candidates for dis-
playing NO-triggered calcium responses. Our experi-
ments demonstrate that NO donors such as nitroglycerin
and sodium nitroprusside do not have any effect on en-
dothelial [Ca2+]i, indicating that part of the pathway
sketched above is missing. Thimerosal is a sulfhydryl-
oxidizing reagent, which is known to increase the affini-
ty of the IP3-receptor for the binding of IP3 (Bootman
1992). This substance induces a [Ca2+]i increase in
many cell types containing IP3-sensitive calcium stores(Hatzelmann et al. 1990; Bird et al. 1993; Parys et al.
1993), and this response is based on activation of the
sensitized IP3-receptor by the micromolaric, resting IP3
concentrations. Calcium influx can add to the thimero-
sal-induced [Ca2+]i elevations (Gericke et al. 1993). Our
result that almost all the cells respond to thimerosal
(100 µM) thus suggests that the majority of the BCEC
contain functional IP3-sensitive calcium stores.
Our experiments reveal that only passaged cultures
respond to mechanical stimulation with an intercellular
calcium wave. Intercellularly spreading calcium changes
can be propagated by both intercellular or extracellular
messengers, and there is now much evidence that the in-
tracellular messenger is IP3 moving from cell to cell
through gap junctions (Sanderson et al. 1994; Sanderson
1996) and that the extracellular messenger is ATP 
(Osipchuk and Cahalan 1992; Cotrina et al. 1998a,
1998b). As both primary and passaged BCEC cultures
respond to ATP, our experiments suggest that the differ-
ence in wave propagation found between primary and
passaged cultures is related to the development of gap
junctions upon passaging. This observation needs further
elucidation, but it points to the importance of investigat-
ing calcium signaling between endothelial cells in prima-
ry cultures in order to be physiologically relevant.
The BCEC cultures used in the present experiments
were grown from capillaries and not from dissociated
cells, and cells grow out from these capillaries at a slow
pace until confluence. Therefore, the spatial clustering of
the calcium-response patterns (upon consecutive super-
fusion with ATP, bradykinin, and histamine) is likely to
reflect clustering of the receptor distribution at the level
of capillaries. This spatial clustering may be related to
differences in origins of the capillaries within the cere-
bral cortex. The fraction of responsive endothelial cells
also varied widely between experiments on different cul-
tures. This might be related to inhomogeneities in the
capillary suspension, because a suspension containing
structures as large as capillaries is expected to be less ho-
mogenous than a supsension of completely dissociated
cells. Our experiments thus demonstrate a large diversity
in endothelial calcium responses to physiological ago-
nists. These results may relate to the observation of phe-
notypic diversity among BCEC in culture by Rupnick et
al. (1988), who were able to describe at least four dis-
tinct BCEC morphologies, by selectively growing BCEC
from single cerebral microvessels, isolated by cloning
rings. Our control experiments on primary cultures and
on a cell line of human umbilical-vein endothelial cells
further suggest that the observed heterogeneity is blood-
brain-barrier endothelial-cell specific, as neither the
large range of percentage of responsive cells nor the spa-
tial clustering were observed in these non-blood-brain-
barrier endothelial cells.
An important finding is the prominent response to
substance P. Substance P is released by axons originating
from the trigeminal ganglion and projecting to cerebral
arteries and arterioles (Hardebo et al. 1989) and has, due
to its vasodilatory effects, been implicated in the regula-
tion of cerebral blood flow (reviewed in Iadecola 1993;
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Wahl and Schilling 1993). In principle, substance P re-
leased from trigeminal nerve endings can also act on en-
dothelial cells, and the consequent calcium response re-
ported here can, thus, result in changes in endothelial
cell function, such as the modulation of endothelial glu-
cose transport (Mitani et al. 1996; Vannucci et al. 1997)
and an increase of the intercellular permeability by endo-
thelial cell contraction (Olesen 1989; Bradbury 1993;
Hariri 1994). Experimental release of substance P in the
brain results in both vasodilation and edema, and it is
thought that these two phenomena play a role in the
pathogenesis of migraine headache; experimental treat-
ment of migraine with tachykinin receptor antagonists is
actually under investigation (Beattie et al. 1995). The
observed substance P-induced endothelial calcium re-
sponses might thus play a role in the pathophysiology of
migraine.
There is currently a large interest in clinically useful
techniques to transiently open the blood-brain barrier to
allow passage of otherwise non-permeable therapeutic
drugs to the brain interstitium (reviewed in Kroll and
Neuwelt 1998). A well-established method consists of
the bolus injection of a hyperosmolar solution (1.4 M) in
the carotid artery (Greenwood 1992). We were interested
in knowing whether hyperosmolaric solutions could in-
crease endothelial [Ca2+]i, as this is considered to be a
crucial step in opening the blood-brain barrier (Bradbury
1993; Hariri 1994). Hyperosmolaric stimulation with
mannitol or sucrose salines produced a slight, but signifi-
cant [Ca2+]i increase in BCEC in approximately one third
of the cells. The peak [Ca2+]i change occurred later than
in responses to other calcium agonists, but this can be re-
lated to a slightly slower rate of superfusion when add-
ing the high-osmolarity solutions. These calcium re-
sponses are very similar to the calcium responses de-
scribed by Nagashima et al. (1997) induced by hyperos-
molaric mannitol superfusion. Our experiments demon-
strate that the [Ca2+]i increase induced by hyperosmol-
aric mannitol is not related to effects of the substance
mannitol per se, but rather to the hyperosmolarity of the
solution, because the calcium responses to sucrose at the
same molarity are identical in magnitude and time
course. It is not clear why such a non-specific stimulus
produces a calcium response in only a third of the cells.
It is, however, unlikely that the small [Ca2+]i changes(~80 nM above the resting value) described here would
be instrumental in mediating blood-brain barrier open-
ing. The bolus injection of a hyperosmolaric solution
probably results in cell shrinkage and thereby opens the
blood-brain barrier through disruption of inter-endotheli-
al tight junctions (Rapoport and Robinson 1986). Intra-
carotid injection of bradykinin or related agonists is an-
other protocol that is currently under investigation to
open the blood-brain barrier and to selectively target
chemotherapeutic agents to brain tumor sites (Bartus et
al. 1996). Nakano et al. (1996) have demonstrated that
the specificity of this drug for tumor vessels is related to
the NO-signaling pathway. The moderate endothelial
[Ca2+]i increase (~160 nM above the resting value) ob-
served in the present study leaves open the possibility
that part of the bradykinin action is mediated through the
calcium-signaling pathway. The absence of any effect of
L-glutamate on endothelial [Ca2+]i, as found in the pres-
ent study, corroborates the suggestion by Mayhan and
Didion (1996) that this molecule opens the blood-brain
barrier through the NO pathway. Finally, the large effect
of substance P on endothelial [Ca2+]i makes this mole-
cule a potential candidate for chemically opening the
blood-brain barrier.
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This study was undertaken to obtain direct evidence for the involvement of gap junctions in the
propagation of intercellular Ca2 waves. Gap junction-deficient HeLa cells were transfected with
plasmids encoding for green fluorescent protein (GFP) fused to the cytoplasmic carboxyl termini
of connexin 43 (Cx43), 32 (Cx32), or 26 (Cx26). The subsequently expressed GFP-labeled gap
junctions rendered the cells dye- and electrically coupled and were detected at the plasma
membranes at points of contact between adjacent cells. To correlate the distribution of gap
junctions with the changes in [Ca2]i associated with Ca2 waves and the distribution of the
endoplasmic reticulum (ER), cells were loaded with fluorescent Ca2-sensitive (fluo-3 and fura-2)
and ER membrane (ER-Tracker) dyes. Digital high-speed microscopy was used to collect a series
of image slices from which the three-dimensional distribution of the gap junctions and ER were
reconstructed. Subsequently, intercellular Ca2 waves were induced in these cells by mechanical
stimulation with or without extracellular apyrase, an ATP-degrading enzyme. In untransfected
HeLa cells and in the absence of apyrase, cell-to-cell propagating [Ca2]i changes were charac-
terized by initiating Ca2 puffs associated with the perinuclear ER. By contrast, in Cx–GFP-
transfected cells and in the presence of apyrase, [Ca2]i changes were propagated without
initiating perinuclear Ca2 puffs and were communicated between cells at the sites of the Cx–GFP
gap junctions. The efficiency of Cx expression determined the extent of Ca2 wave propagation.
These results demonstrate that intercellular Ca2 waves may be propagated simultaneously via an
extracellular pathway and an intracellular pathway through gap junctions and that one form of
communication may mask the other.
INTRODUCTION
Intercellular Ca2 waves have been found to occur in a wide
variety of cell types (Cornell-Bell and Finkbeiner, 1991;
Sanderson et al., 1994; Kasai, 1995; Robb-Gaspers and
Thomas, 1995; Charles, 1998). Intercellular Ca2 waves can
be induced by electrical, chemical, and mechanical stimuli
and consist of an increase in the intracellular free Ca2
concentration ([Ca2]i) in the stimulated cell that is commu-
nicated through consecutive rows of neighboring cells
(Sanderson et al., 1990; Charles et al., 1991; Hassinger et al.,
1996). Studies aimed at elucidating the mechanisms under-
lying the propagation of waves have led to the hypothesis
that IP3 acts as a Ca2-mobilizing messenger and diffuses
through gap junctions between neighboring cells (Sander-
son, 1995; Leybaert et al., 1998a). Alternatively, Ca2 itself
may diffuse through gap junctions and trigger the release of
Ca2 from IP3-sensitized IP3 receptors (Robb-Gaspers and
Thomas, 1995; Zimmermann and Walz, 1999). Either sce-
nario requires the presence of gap junctions.
Gap junction channels are formed from two hexameric
hemichannels, called connexons, that are embedded in op-
posing plasma membranes and assembled from six protein
monomers or connexins (Cxs) arranged around a central
pore. Connexins are a family of 15 proteins (in rodents) that
are classified on the basis of their molecular weight and
structure (Kumar and Gilula, 1992; Yeager et al., 1998). Per-
haps the most commonly studied gap junctional proteins are
Cx26, Cx32, and Cx43 (Simon and Goodenough, 1998; Si-
§ Corresponding author. E-mail address: michael.sanderson@
umassmed.edu.
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mon, 1999). The relationship between gap junctions and
Ca2 waves has been examined previously, and it was
found that C6 glioma cells, which have nonfunctional gap
junctions, transmitted Ca2 waves only after transfection
with Cx43 (Charles et al., 1992). Similarly, Toyofuku et al.
(1998) have shown that expression of Cx43 in the human
embryonic kidney cell line, HEK293, is required to propa-
gate intercellular Ca2 waves. In addition, blockers of gap
junctional communication, such as halothane, octanol, -gly-
cyrrhetinic acid, and antibodies, significantly reduce the
propagation distance of intercellular Ca2 waves (Sander-
son et al., 1990; Finkbeiner, 1992; Venance et al., 1997; Boitano
et al., 1998), whereas fast superfusion did not bias the prop-
agation of calcium waves in the direction of the flow (Han-
sen et al., 1993; Churchill et al., 1996).
Although a role for gap junctions in the propagation of
Ca2 waves is well supported, Ca2 waves may also be
propagated by the release of an extracellular messenger such
as ATP. These waves are able to cross discontinuities in the
cell culture, are biased by extracellular fluid flows, and are
inhibited by the ATP-degrading enzyme apyrase (Osipchuk
and Cahalan, 1992; Furuya et al., 1993; Hassinger et al., 1996;
Guthrie et al., 1999). This ability to release and respond to
ATP also appears to be linked to the expression of gap
junctions, because forced overexpression of gap junctions
was suggested to increase the amount of ATP released by
HeLa and C6 glioma cells transfected with Cx43 (Cotrina et
al., 1998). As a result, the mechanism of Ca2 wave propa-
gation in transfected cells is more complicated and may
occur via both ATP and gap junctions.
Because the subcellular characteristics should indicate the
mechanism of the propagating Ca2 waves, i.e., whether
they move intracellularly or extracellularly, we directly
studied the involvement of gap junctions in intercellular
Ca2 wave propagation by using green fluorescent protein
(GFP) to visualize the location of specific gap junctions in
live HeLa cells. Cells were transfected with plasmids that
resulted in the expression of GFP-labeled connexin 43
(Cx43), connexin 32 (Cx32), or connexin 26 (Cx26), and the
intercellular Ca2 waves in these cells were analyzed with
digital microscopy. Although there are numerous types of
connexins that exist in various tissues, we limited this study
to connexins 43, 32, and 26 because these connexins are the
predominate forms in the epithelial and glial cells in which
intercellular Ca2 waves have been extensively observed. In
addition, we correlated the distribution of the endoplasmic
reticulum with elemental and global intracellular Ca2
events that were observed during wave propagation. Using
these techniques, we demonstrate that both modes of Ca2
wave propagation, that is, intercellular propagation through
gap junctions and extracellular propagation by ATP diffu-
sion, can occur simultaneously in GFP–connexin-transfected
HeLa cells.
MATERIALS AND METHODS
Materials
Cell culture reagents and plasticware were obtained from Life Tech-
nologies (Grand Island, NY), molecular biology reagents were ob-
tained from Promega (Madison, WI) and other reagents were ob-
tained from Sigma (St. Louis, MO) unless stated otherwise.
Construction of Chimeric Connexin–GFP cDNA
Cx26, Cx32, and Cx43 cDNA were fused inframe to the amino
terminus of enhanced GFP (EGFP) in the vector pEGFP-N1 as
follows. The ORF of Cx26, Cx32, and Cx43 was initially amplified by
PCR from plasmids containing the relevant full-length cDNA using
the appropriate oligonucleotide primers that introduced BglII (for
Cx43 and Cx26 constructs) and HindIII restriction enzyme sites (for
Cx32 constructs) at the 5 and 3 end of the cDNA. The primers used
were as follows (restriction enzyme sites are underlined; Cx se-
quences are in bold): Cx43 forward primer Cx43GF: 5 CTA CCG
GAC TCA GAT CTC ATG GGT GAC TGG AGT; Cx43 reverse
primer Cx43GR: 5 CTT GAG CTC GAG ATC TGA AAT CTC CAG
GTC ATC; Cx32 forward primer Cx32GF: 5 CTC GAG CTC AAG
CTT ATG AAC TGG ACA GGT; Cx32 reverse primer Cx32GR: 5
CAG AAT TCG AAG CTT GCA GGC TGA GCA TCG; Cx26
forward primer Cx26GF: 5 CTA CCG GAC TCA GAT CTC ATG
GAT TGG GGC ACC; Cx26 reverse primer Cx26GR: 5 CTT GAG
CTC GAG ATC TGA GAC TGG TCT TTT GGA.
To generate the Cx–GFP chimeric constructs, the resulting PCR
products were digested with BglII or HindIII and ligated into the
BglII or HindIII site of pEGFP-N1 (Clontech, Basingstoke, Hamp-
shire, United Kingdom) (Sambrook et al., 1989) followed by trans-
formation into Escherichia coli (DH5). Identification of positive
clones was achieved by miniplasmid preparation and restriction
enzyme analysis. Selected constructs were sequenced using the
PRISM Dye Termination Cycle Sequencing kit (Perkin Elmer-Cetus,
Beaconsfield, Buckinghamshire, United Kingdom).
Establishment of Stable HeLa Cell Populations
Expressing Cx–GFP Proteins
HeLa Ohio cells (ECACC, Salisbury, Wiltshire, United Kingdom)
were cultured in DMEM supplemented with 10% fetal calf serum,
penicillin/streptomycin (100 g/ml), amphotericin (100 g/ml),
and l-glutamine (2 mM). Subconfluent monolayers (4  106 cells in
100-mm dishes) were transfected with 10 g of the relevant Cx–GFP
cDNA by calcium phosphate (Martin et al., 1998). Forty-eight hours
after transfection, cells were transferred to medium supplemented
with 4 mg/ml Geneticin (antibiotic G418-sulfate) and cultured for
3 wk. After significant cell death had occurred and the surviving
cells were growing well in Geneticin, cells positive for GFP fluores-
cence were separated and collected with a fluorescence-activated
cell sorter (Becton Dickinson, San Jose, CA). The GFP-positive cell
populations were maintained in complete DMEM supplemented
with 4 mg/ml Geneticin. Separate media were prepared for non-
transfected HeLa (further called HeLa control cells), HeLa Cx26,
HeLa Cx32, and HeLa Cx43 cells, respectively, to avoid contamina-
tion of different strains of cells. Stocks of cells were split at a ratio of
1:10 once a week and used for up to seven passages. For Ca2
imaging experiments, cells were grown on glass-bottom Petri dishes
(Mattek, Ashland, MA). Eighteen hours before experiments, Cx–
GFP expression was enhanced by addition of 5 mM sodium bu-
tyrate to the medium (Wilkinson and Akrigg, 1992; George et al.,
1998b).
Western Blot Analysis
HeLa cells (ECACC) were transfected with cDNA encoding for
Cx43–GFP chimerae and harvested for Western blot analysis as
described by Martin et al., (1998). Proteins were detected with
either a primary rabbit antibody generated against amino acid
sequences in the carboxyl tail of the Cx43 (Gap33, amino acids
314 –325) or a polyclonal antibody against GFP (Clontech) and a
secondary goat anti-rabbit antibody conjugated to horseradish
peroxidase (Bio-Rad, Hemel Hempstead, Hertfordshire, United
Kingdom). Blots were developed using the enhanced chemilumi-
nescence system (Pierce, Chester, Cheshire, United Kingdom).
K. Paemeleire et al.
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Immunolocalization of Connexin–GFP Proteins
Cells (1  105) were seeded on 16-mm2 coverslips overnight and
fixed the next day in 4% formaldehyde and processed for immuno-
cytochemical analysis as described (Martin et al., 1998). Colocaliza-
tion of Cx and GFP fluorescence was confirmed by staining the cells
with the relevant primary antibodies. For Cx26 and Cx32, commer-
cially available monoclonal antibodies (Chemicon, Harrow, United
Kingdom) against the intracellular loop were used; for Cx 43, a
polyclonal antibody, raised in rabbits, against the carboxyl tail was
used (Gap 33; Diez et al., [1999]). The secondary antibody was either
goat anti-rabbit or goat anti-mouse IgG conjugated to Cy3. Cells
were mounted in Fluorsave (Calbiochem, Beeston, Nottingham,
United Kingdom) to preserve fluorescence and viewed on a Leitz
DMBRE confocal microscope.
Assessment of Efficiency of Expression
The expression of Cx43–GFP, Cx32–GFP and Cx26–GFP was quan-
tified by averaging imaging data from 15 different areas (320  240
m) obtained from the respective confluent monolayers of passage
4 HeLa cells. To obtain the area of Cxs, images were recorded and
thresholded to separate the GFP fluorescence from background, and
all pixels with values above the threshold were counted. This num-
ber was divided by the total number of pixels in the field of view
and expressed as a percentage.
Assessment of Dye and Electrical Coupling
Confluent monolayers of HeLa cells expressing the chimeric Cx–
GFP constructs were microinjected with Lucifer yellow (5% wt/vol
in 0.3 M LiCl). Fifteen minutes after injection, cells were fixed in 4%
formaldehyde and viewed on a Zeiss Axiostat microscope. The
dye-coupling efficiency was calculated as the percentage of cells,
injected with Lucifer yellow, that transferred dye to five or more
neighboring cells. Electrical coupling was measured in isolated cell
pairs with two microelectrodes pulled from glass capillaries
(1.2-mm outer diameter; A-M Systems, Carlsbourg, WA), with re-
sistances 50–100 M. Electrodes were connected to a balanced
bridge circuit (Cyto 721, World Precision Instruments, Sarasota, FL)
and served to inject current and measure potential. Current was
injected as 1-nA square pulses of 200 ms duration at a frequency of
2 Hz (I1). The resulting changes in membrane potential in the
injected cell (V1) and the adjacent cell (V2) were measured, and the
electrical coupling ratio (V2/V1) was calculated.
Experimental Solutions
Experiments were performed in HBSS supplemented with 25 mM
HEPES and brought to pH 7.4 (HBSS–HEPES) with or without
apyrase (Grade III) as required. A stock solution of apyrase was
prepared in distilled H2O at 2000 IU/ml and further diluted in
HBSS–HEPES to yield a final concentration of 40 IU/ml. Whenever
apyrase was used in the experiments, cultures were preincubated in
apyrase solution for 30 min.
Mechanical Stimulation
A glass pipette with a tip diameter of 1 m was pulled from a
glass capillary (1.5-mm outer diameter; A-M Systems) and mounted
on a piezo-electric device that was driven by a single square pulse
of 3 V and 150 ms duration. The height of the pipette tip was
adjusted such that it gently touched the cell membrane of a single
cell upon activation of the piezo-electric device. A stronger mechan-
ical stimulus was applied to the cells by lowering the glass pipette
1 m so that it distorted the cell to a great extent.
Measurements of Intracellular Free Ca2
Concentration
Initial experiments were performed with digital video microscopy
and an epifluorescence microscope as described elsewhere (Lansley
and Sanderson, 1999). HeLa cells were loaded with the Ca2-sensi-
tive dye fura-2 AM (Molecular Probes, Eugene, OR) (5 M in
HBSS–HEPES for 30 min at 37°C followed by deesterification at
room temperature for 30 min). The fura-2 loaded cultures were
observed on an inverted microscope (Nikon Diaphot 300) with a
40 oil immersion objective. The video field of view measured
320  240 m. Cells were excited by light emitted from a Hg arc
lamp and filtered with excitation filters (center wavelengths of 340
and 380 nm). Excitation light was separated from the light emitted
from the specimen using a 400-nm dichroic mirror. Emitted light
was collected through an emission filter (center wavelength of 515
nm) by a silicon intensified target camera. Images were recorded at
video rate (30 fps) by an optical memory disk recorder (OMDR) and
analyzed using custom-written software (Leybaert et al., 1998b).
Studies requiring higher temporal and spatial resolution were
performed on a digital high-speed microscope (Figure 1) that is
described in detail elsewhere (Rizzuto et al., 1998; Kidd et al., 1999;
ZhuGe et al., 1999). For high-resolution experiments, HeLa cells
were loaded with the Ca2-sensitive fluoroprobe fluo-3 AM (Mo-
lecular Probes) (5 M in HBSS–HEPES for 30 min at 37°C followed
by deesterification at room temperature for 30 min). Fluo-3–loaded
cells were viewed with a 60 NA 1.4 oil immersion lens (Nikon).
The cells were excited by the 488 nm line of an Argon laser ex-
panded to provide wide-field illumination of the specimen. Emitted
fluorescence was collected using a 510-nm long-pass emission filter
and a cooled CCD camera, at a maximal frequency of 100 images per
second. Because of a storage limit of 200 images, the duration of
recordings was 2 s at 100 images per second. Slower image collec-
tion rates were used to increase the duration of recordings. Each
pixel represents an area of 333  333 nm. The dimensions of each
image were 42.6  42.6 m (128  128 pixels). An in situ calibration
was investigated for fura-2–loaded cells by exposing them to known
Ca2 concentrations in the presence of 100 M ionomycin and 10
M thapsigargin. These calibrations confirmed previous observa-
tions that there is a difference in the apparent KD of fura-2 in the
nucleus and cytoplasm (Perez-Terzic et al., 1997), a situation that is
incompatible with the calibration formula described by Grynk-
iewicz et al. (1985). Therefore the fura-2 data were not transformed
to [Ca2]i values but were represented in arbitrary Ca2 units using
estimated values from calibration experiments for the parameters
Rmin (0.1), Rmax (5.0), and FoFs (6.0). The fluo-3 data are represented
as relative changes in fluorescence (F/F or (Ft  F0)/F0, where Ft
is the fluorescence at time  t and F0 is the fluorescence at time 
0). Data are represented either as two-dimensional maps with a
pseudocolor scale or with respect to time from 2.3 2.3 m analysis
points (7  7 pixels).
ER-Tracker, Mito-Tracker, and Connexin–GFP
Image Acquisition and Deconvolution
Cells loaded with fluo-3 were subsequently loaded with either
ER-Tracker Blue-White DPX (ER-Tracker) or Mito-Tracker Red CM-
H2Ros (Mito-Tracker; both from Molecular Probes). Stock solutions
of ER-Tracker and Mito-Tracker were prepared at 1 mM in DMSO.
Cells were loaded for 30 min at 37°C with 100 nM of either ER-
Tracker or Mito-Tracker in prewarmed culture medium. The ER-
Tracker, Mito-Tracker, and Cx–GFP fluorescence were imaged on a
digital high-speed microscope by exciting the specimen with 386 nm
(UV laser), 514 nm, or 488 nm (tuned visible laser) light, respec-
tively. Fluorescence images were taken for each dye at 51 sequential
focal planes separated by 0.25 m. The focus changes were achieved
by moving the microscope stage with a piezo-electric translator
(Figure 1). Point-spread functions were obtained from 189 nm flu-
orescein-coated beads. A dark-current image was obtained from a
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HBSS–HEPES-filled glass-bottom Petri dish. The images of ER-
Tracker, Mito-Tracker, and Cx-GFP were digitally restored by sub-
tracting dark currents and removing the out-of-focus light using the
point spread function and a deconvolution algorithm described by
Carrington et al. (1995).
RESULTS
Distribution and Function of Cx–GFP Gap Junctions
The cellular location of the Cx–GFP proteins was deter-
mined by the fluorescent properties of the GFP. Analysis by
confocal microscopy showed that GFP chimerae of wild-
type Cx26, Cx32, and Cx43 were targeted to the plasma
membrane to produce a punctate staining typical for gap
junctions. Cx–GFP expression varied considerably from cell
to cell. For immunolocalization studies, cells expressing nu-
merous gap junctions were analyzed; however, to simplify
the correlation of Ca2 waves with specific gap junctions,
cells expressing only one to five Cx–GFP plaques between
neighboring cells were used. Immunolocalization studies
using site-specific antibodies to Cx43 demonstrated that the
GFP fluorescence coincided with the Cx–antibody fluores-
cence, confirming that GFP identified the location of the gap
junctions (Figure 2). Similar results were obtained with Cx26
and Cx32 (our unpublished data).
Western blot analysis indicated that HeLa cells transfected
with Cx43–GFP expressed a chimeric protein of the pre-
dicted molecular mass (71 kDa) when probed with either
the antibody to Cx43 (Gap33) or the antibody to GFP (Figure
3). Occasionally, a second band of 65 kDa was also ob-
served, and this probably represents proteolytic products of
the Cx–GFP. A similar band was observed when Cx–GFP
was expressed in Madin–Darby canine kidney cells (Jordan
et al., 1999). The wild-type Cx43 (expressed in COS-7 cells)
showed a typical pattern of multiple phosphorylation iso-
forms between 43 and 50 kDa. Cx32–GFP and Cx26–GFP
also expressed proteins of the predicted molecular mass of
59 and 54 kDa in HeLa cells, respectively (our unpublished
data).
Because both the numbers and size of the gap junctions
vary between cells, the expression of each type of connexin
in cultured cells was assessed in terms of percentage area of
the cells. The expression of Cx43–GFP (2.8 	 0.2%, n  15)
was significantly larger than the expression of either Cx32–
GFP (1.2 	 0.1%, n  15) or Cx26–GFP (1.0 	 0.1%, n  15)
(P 
 0.0001 for both), but the expression of Cx26–GFP did
not differ significantly from the expression of Cx32–GFP
(P  0.5).
The functionality of the gap junctions formed by these
chimeric proteins was assayed by their ability to mediate
Figure 1. A schematic of the digital high-speed microscope. The specimen is either excited with 488 or 514 nm wavelength light from an
argon–krypton laser (visible laser) or by 386 nm wavelength light from an argon laser (UV laser). The laser beams pass through beam
expansion and collection optics to provide wide-field illumination. Shutters operated by a Pentium PC control the exposure to the lasers. The
excitation beams are directed to the specimen by two dichroic mirrors (DM1 400 nm; DM2 505 nm). The specimen is viewed with a 60 NA
1.4 oil objective lens with the numerical aperture set at 1.4. The fluorescence emitted from the specimen is filtered by a 510 nm long-pass
emission filter and is captured by a high-speed, 128  128 pixel frame transfer CCD camera. The 12-bit output is read out through four ports
and stored on two high-speed data capture boards, each with 4 megabytes of dual-ported RAM. When the RAM is filled with 200 images,
the data are transferred to the hard disk in a Pentium PC. This PC also controls the advancement of the piezo-electric translator (PZT) when
images at multiple focal planes throughout the specimen are acquired. Images are transferred from the Pentium PC to a Silicon Graphics
Imaging (SGI) facility for image deconvolution and analysis.
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dye and electrical coupling. Lucifer yellow, microinjected
into an individual cell, was subsequently observed in neigh-
boring cells, indicating that all three Cx–GFP chimerae
formed dye-permeable gap junction channels (Table 1). Cells
expressing Cx43–GFP had generally better dye coupling
than the cells expressing Cx32–GFP or Cx26–GFP. Similarly,
the injection of 1 nA current into a single cell resulted in
synchronous changes in the membrane potential of isolated
cell pairs, confirming that the Cx43–GFP cells were electri-
cally coupled (Figure 4). Although multiple GFP-labeled
plaques were observed in individual cells, the presence of
only one GFP-labeled plaque at the plasma membrane be-
tween neighboring cells was sufficient to render the cells
Figure 2. Cellular localization of Cx43–GFP observed by confocal
microscopy. (A) A culture of Cx43–GFP-transfected HeLa cells was
excited with 450–490 nm light and viewed at 510–520 nm to reveal the
location of GFP. Discrete fluorescence plaques, characteristic of gap
junctional staining, were observed along the boundary between two
cells (arrows). Fluorescence was also detected in the perinuclear region
and most likely represents Cx–GFP being processed through the ER.
(B) The same area of cells as shown in A stained with Cy3-conjugated
antibodies to Cx43 and illuminated at 540–550 nm and viewed at
580–590 nm. A similar staining pattern was observed. (C) The images
in A and B were digitally superimposed. The combination of green and
red fluorescence results in yellow fluorescence and demonstrates that
the membrane plaques and cytoplasmic areas represent sites of colo-
calization of GFP and Cy3 fluorescence and confirms that GFP fluo-
rescence indicates the location of expressed Cxs. The plaques in C have
a green–yellow appearance caused by the larger contribution of green
as compared with red. The cells shown were selected for the large
number of plaques expressed. For Ca2 experiments, cells with fewer
plaques were used. Image width  60 m.
Figure 3. Western blot analysis of Cx43–GFP expressed by mam-
malian cells. HeLa and COS-7 cells were transiently transfected with
10 g Cx43–GFP or wild-type Cx43 cDNA, respectively, and were
harvested. Cells were dissolved in SDS and analyzed by SDS-PAGE
and Western blotting using an antibody to either Cx43 (Gap33) or
GFP. Lane 1: control (mock-transfected HeLa cells). Lane 2: HeLa
cells expressing Cx43–GFP stained with GFP antibodies. Lane 3:
HeLa cells expressing Cx43–GFP stained with Cx43 antibodies. Two
major bands are visible. The band at 71 kDa represents the Cx43–
GFP (lanes 2 and 3), whereas the band at 65 kDa (lane 3) probably
represents proteolytic products of Cx43. Lane 4: COS-7 cells ex-
pressing wild-type Cx43 stained with Cx43 antibodies. A broad
band representing phosphorylated isoforms of Cx43 is evident at
48–50 kDa. The numbers on the right represent the location and
molecular weight (kilodalton) markers.
Table 1. Lucifer yellow dye transfer in stable transfected HeLa cells
Cell population
% Cells
transferring dye
	 SEM (n)
Cx43–GFP 60.25 	 2.25 (50)
Cx32–GFP 24.6	 4.4 (78)
Cx26–GFP 33.2	 4 (62)
HeLa control cells 0 (70)
Cells expressing the three Cx–GFP constructs were assessed for
their ability to transfer Lucifer yellow. The results are expressed as
the percentage of cells transferring dye to five or more cells 	 SEM;
(n)  total number of cells injected.
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electrically coupled. The coupling ratio of Cx43-transfected
cells was 5%. HeLa control cells were neither electrically
nor dye-coupled (Table 1).
The Propagation of Ca2 Waves by ATP
To study Ca2 wave propagation in HeLa cells, cells were
loaded with either the fluorescent Ca2-sensitive indicator
fura-2 or fluo-3 and studied by either digital video or high-
speed microscopy. Initially Ca2 wave propagation in HeLa
control cells was examined. The gentle mechanical stimula-
tion with a glass pipette of a single cell in a confluent layer
of cells induced a rise in [Ca2]i only in the mechanically
stimulated cell (Figure 5A). Increasing the strength or am-
plitude of the mechanical stimulus induced an increase in
[Ca2]i in the stimulated cell followed by [Ca2]i increases
in neighboring cells that propagated in a wave-like manner
(Figure 5B). This Ca2 wave propagated at a speed of 10.5	
1.1 m/s and over a distance of 160 m (n  5), corre-
sponding to more than six rows of cells.
Because HeLa control cells are not coupled by gap junc-
tions, these experiments suggest that an extracellular factor
is involved in Ca2 wave propagation. Other studies have
suggested that this factor is ATP (Hassinger et al., 1996;
Cotrina et al., 1998; Guthrie et al., 1999). Consequently, the
sensitivity of HeLa control cells was tested to a range of ATP
concentrations (Figure 6A). HeLa cells were found to have
an EC50 of 431 nM (95% confidence interval 289–644 nM; R2
99.7%). An ATP concentration of 10 M or more increased
[Ca2]i in all the cells, and this Ca2 response consisted of a
rapid increase followed by oscillatory changes of intracellu-
lar Ca2 (Figure 7A); however, the presence of the ATP-
degrading enzyme apyrase (40 IU/ml) prevented a Ca2
response to 50 M ATP in 100% of the cells (n  3) (Figure
7B). By contrast, Ca2 responses to 100 M histamine were
unaffected by extracellular apyrase (n  3) (Figure 7, C and
D). Apyrase was present in the extracellular medium for 30
min before agonist addition but did not cause any Ca2
changes itself (tested up to 1 h).
Because apyrase abolished the effect of ATP on [Ca2]i, it
follows that if Ca2 waves in HeLa control cells are medi-
ated by ATP, apyrase should also abolish or attenuate the
Ca2 waves. In the presence of apyrase (40 IU/ml), mechan-
ical stimulation of HeLa control cells induced Ca2 changes
that were limited to only the stimulated cell (n  5) (Figure
5C). Propagated Ca2 changes were observed once, but in
this case two neighboring cells showed intracellular Ca2
changes only after a delay of at least 6 s. Normally, Ca2
waves would have propagated 50 m in this time period.
Analysis with digital high-speed microscopy revealed
that, in the absence of apyrase, wave propagation after me-
chanical stimulation in HeLa control cells initially began
with perinuclear Ca2 changes, presumably Ca2 puffs
(Thorn et al., 1993; Yao et al., 1995; Bootman and Berridge,
1996), that were followed by a global [Ca2]i change, which
often appeared as an intracellular Ca2 wave (Figure 8).
Although the locations of the perinuclear Ca2 puffs did not
correlate with a specific site associated with the nucleus,
three-dimensional reconstructions of the ER-Tracker signal
showed that ER was invariably present in the perinuclear
area (Figure 8). The number of Ca2 puffs preceding global
Ca2 changes varied between one and four per experiment
(n  16). The direction of the subsequent intracellular Ca2
wave appeared to be random and not correlated to the
interface with the neighboring stimulated cell. A similar
high temporal analysis with digital high-speed microscopy
of the [Ca2]i elevation after exposure to ATP also revealed
Ca2 puff-like events preceding a global [Ca2]i increase
(Figure 6B). These puffs had a t1/2rise of 87.5 	 21 ms and a
t1/2decay of 204 	 50 ms (n  6), and their amplitude was
10% relative change in fluo-3 fluorescence.
Ca2 Waves in Cx–GFP-Transfected Cells
In contrast to the HeLa control cells, mechanical stimulation
of a single transfected HeLa cell in a confluent culture in the
presence of 40 IU/ml apyrase did evoke propagated Ca2
changes (Figure 9). The numbers of cells participating in
Figure 4. Electrical coupling between isolated pairs of Cx43–GFP-transfected HeLa cells. The left image illustrates a pair of HeLa Cx43–GFP
cells impaled with microelectrodes (M) with two gap junctional plaques (white structures or dots) that formed between these cells (white
arrows). The image was generated by digitally combining the phase-contrast image of the cells with the fluorescence image of the Cx43–GFP.
Cell 1 (C1) was injected with 1 nA square current pulses of 200 ms duration at a frequency of 2Hz (I1). The resulting changes in membrane
potential in cell 1 (V1) are synchronous with the changes in membrane potential (V2) of cell 2 (C2), indicating electrical coupling between both
cells. The coupling ratio (V2/V1) is 5%.
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these waves were significantly smaller than in their coun-
terparts in the absence of apyrase, and propagated Ca2
changes were only observed up to the third row of cells in
HeLa Cx43 and up to the second row of cells in HeLa Cx32
and Cx26 (n  5 for each). The average number of cells
propagating the Ca2 wave was 4.2 	 1.0 for HeLa Cx43,
2.4 	 0.2 for HeLa Cx32, and 2.4 	 0.4 for HeLa Cx26.
To study the involvement of gap junctions in this type of
Ca2 wave propagation in more detail, Ca2 waves induced
by mechanical stimulation were examined with digital high-
speed microscopy. The localization of the Cx–GFP gap junc-
tions, together with the ER (labeled with ER-Tracker), was
three-dimensionally reconstructed from 51 consecutive Z
planes that were 0.25-m apart and encompassed the entire
cell thickness (Figure 10). The ER was abundant throughout
these cells and invariably present close to the gap junctions
(Figure 10). As a control for the ER-Tracker specificity, HeLa
cells were loaded with Mito-Tracker. Mitochondria were less
abundant in these cells, and their distribution differed sig-
nificantly. Transfected HeLa cells were mechanically stimu-
lated in the presence of 40 IU/ml apyrase, and the subse-
quent Ca2 changes were recorded in neighboring cells, at a
maximal rate of 100 images per second. Mechanical stimu-
lation induced an intracellular Ca2 wave in the stimulated
cell, which spread throughout this cell until it reached the
plasma membrane. Subsequent propagation of the Ca2
wave in the neighboring cell was clearly correlated with the
location of the Cx–GFP (Figure 10). Delays observed at the
site of the gap junction were compared for the three different
transfected cell lines and calculated from the difference in
time to onset of Ca2 changes in 2.3 2.3 m analysis points
located on either side of the gap junctions (Figure 11). Fre-
quently the delay times could not be measured because they
were smaller than the time resolution of 10 ms, and therefore
averaging the data was not possible. The range of delays at
the site of the gap junction was 
10 ms to 90 ms for HeLa
Cx26, 
10 ms to 156 ms for HeLa Cx32, and 
10 ms to 162
ms for HeLa Cx43. The number of gap junctional plaques
present at the interface between the two cells was on average
2 	 0.2 (n  22) for Cx43 plaques, 2 	 0.2 (n  15) for Cx32
plaques, and 2 	 0.4 (n  10) for Cx26 plaques.
DISCUSSION
The mechanism underlying the propagation of intercellular
Ca2 waves, which occur in various cell types and tissues
(Cornell-Bell and Finkbeiner, 1991; Kasai, 1995; Robb-
Gaspers and Thomas, 1995; Charles, 1998), has been pro-
posed to occur either by the diffusion of a second messenger
(e.g., IP3) through intercellular gap junctions (Sanderson et
al., 1990; Boitano et al., 1992; Hansen et al., 1993; Venance et
al., 1997; Leybaert et al., 1998a) or by a factor (e.g., ATP)
released into the extracellular space (Hassinger et al., 1996;
Cotrina et al., 1998; Guthrie et al., 1999); however, the results
of this article demonstrate that in Cx–GFP-transfected HeLa
Figure 5. The effects of mechanical stimulation in HeLa control cells using digital video microscopy. The morphology of the cell culture is
indicated by the fluorescence of cells loaded with fura-2 (left), and the changes in [Ca2]i are indicated by the pseudocolored images (right)
(A) A single cell (, white arrow) was gently stimulated with a glass micropipette. Although this stimulus produced Ca2 changes in the
stimulated cell, it did not induce propagated Ca2 changes. (B) Stronger mechanical stimulation of another cell in a different area, induced
by distorting the cell to a great extent, initiated propagated Ca2 changes that took the form of a radiating Ca2 wave. (C) The propagating
Ca2 changes induced by strong mechanical stimulation were abolished by the presence of 40 IU/ml apyrase in the extracellular solution.
The time that each image was recorded after mechanical stimulation is shown in the lower right of each image. Changes of fura-2 fluorescence
corresponding to changes in [Ca2]i are represented according to a pseudocolor scale bar in arbitrary values.
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cells, both mechanisms of Ca2 wave propagation, intercel-
lular through gap junctions and extracellular, can coexist.
The use of HeLa cells, an epithelial cell line derived from
an epidermoid carcinoma of the cervix, for the study of the
relationship between Ca2 signaling and gap junctions has
several advantages. HeLa cells have been widely used in the
study of Ca2 signaling mechanisms and have been found to
possess competent Ca2 signaling machinery (Bootman et
al., 1992). HeLa cells have several receptors that are linked to
the Ca2 signaling cascade, including the P2 receptor for
phosphorylated nucleotides (e.g., ATP, UTP) and H2 for
histamine (Bootman et al., 1992). The purinoceptor is be-
lieved to be P2U on the basis of the nucleotide sensitivity of
ATP  UTP  ADP  2MesATP (Smit et al., 1993). Activa-
tion of both P2U and H2 results in the production of IP3,
which in turn releases Ca2 from intracellular stores formed
in the ER (Koch, 1990). The Golgi apparatus and mitochon-
dria also serve as Ca2 stores and contribute to the localiza-
tion of Ca2 signals in discrete areas of the cytosol (Pinton et
al., 1998; Rizzuto et al., 1998). The other advantages of using
HeLa cells is that these cells normally express very few, if
any, gap junctions and do not display cell coupling (Cao et
al., 1998). In addition, this cell line readily tolerates transfec-
tion with a wide variety of chimeric proteins (Schroder et al.,
1990; Touitou et al., 1990; Graeber and Hulser, 1998). Con-
sequently, these cells were ideal for transfection with plas-
mids that encode for GFP linked to Cx43, Cx32, or Cx26 so
that specific gap junction proteins could be located in living
cells and correlated with Ca2 signals.
Mechanical stimulation has been shown to initiate Ca2
waves in a wide variety of cells (Goligorsky, 1988; Sander-
son et al., 1990; Frame and de Feijter, 1997; Grandolfo et al.,
1998; Himpens et al., 1999). The mechanism propagating
these Ca2 waves appears to be the diffusion of IP3 through
gap junctions (Sanderson et al., 1990; Boitano et al., 1992;
Hansen et al., 1993; Venance et al., 1997; Leybaert et al.,
1998a). The involvement of gap junctions is supported by
results showing that C6 glioma cells gained the ability to
propagate Ca2 waves after transfection with Cx43 (Charles
et al., 1992). In addition, Ca2 wave propagation is not
biased by an extracellular fluid flow (Hansen et al., 1993) and
can be blocked by gap junction inhibitors in various cells
(Enkvist and McCarthy, 1992; Venance et al., 1997); however,
in other cell types, mechanical stimulation also appears to
initiate the release of ATP from cells, either physiologically
or as a result of trauma. The diffusion and perhaps regen-
erative release of ATP into the extracellular space then leads
Figure 6. Intracellular Ca2 changes of HeLa control cells in re-
sponse to ATP. (A) The dose–response curve of the number of HeLa
control cells showing an increase in [Ca2]i in response to a range of
ATP concentrations. Each data point represents the mean (	SE) of
three separate experiments and 200 cells. (B) The relative changes
in [Ca2]i of a HeLa control cell represented by fluo-3 fluorescence
in a 2.3 2.3 m (7 7 pixels) perinuclear area with respect to time
during exposure to 10 M ATP, which was applied by solution
exchange. Before global [Ca2]i increases, a much smaller and tran-
sient [Ca2]i change or Ca2 puff (black arrow) could be observed
with digital high-speed microscopy. The Ca2 puff represents a
10% change in fluo-3 fluorescence.
Figure 7. The effect of extracellular apyrase on changes of [Ca2]i
of HeLa control cells in response to agonists. (A) In the absence of
apyrase, fura-2–loaded HeLa control cells respond to 50 M ATP,
added at t  0 and present throughout the experiment, with an
initial Ca2 increase followed by Ca2 oscillations. Time scale bar is
indicated at the bottom of the figure. (B) In the presence of 40 IU/ml
apyrase, the [Ca2]i increase in response to 50 M ATP is com-
pletely abolished. (C) In the absence of apyrase, HeLa control cells
also respond to the continuous presence of 100 M histamine with
an initial [Ca2]i peak followed by oscillatory changes of [Ca2]i. (D)
In the presence of 40 IU/ml apyrase, the [Ca2]i responses to 100
M histamine are unchanged. The changes in [Ca2]i are repre-
sented in arbitrary values.
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to sequential changes in [Ca2]i in adjacent cells (Hassinger
et al., 1996; Cotrina et al., 1998; Guthrie et al., 1999). Because
most mammalian cells express gap junctions and may also
release ATP, it has been difficult to determine the predom-
inant mechanism of Ca2 wave propagation.
Because control HeLa cells lack gap junctions, their ability
to communicate mechanically stimulated Ca2 waves was
more easily assessed. After gentle stimulation, a Ca2 in-
crease occurred only in the stimulated cell; however, heavier
stimulation, which was likely to release intracellular ATP,
resulted in [Ca2]i increases in adjacent cells. High time
resolution analysis of these Ca2 waves in HeLa control cells
revealed that the changes in [Ca2]i frequently were initi-
ated in the form of local Ca2 transients located in a perinu-
clear position. These Ca2 events are most likely equivalent
to Ca2 puffs, as described previously in response to hista-
mine (Bootman and Berridge, 1996), because the stimulating
agonist is believed to be IP3. The Ca2 puffs rapidly grew
and coalesced into an intracellular Ca2 wave that spread
out toward the cell periphery to bring about a global in-
crease in [Ca2]i. The direction of travel of the intracellular
wave was often back toward the stimulated cell. The idea
that the Ca2 waves, resulting from strong stimulation, are
mediated by ATP diffusion is also supported by the finding
that HeLa control cells displayed Ca2 oscillations in re-
sponse to ATP. The addition to the medium of apyrase, a
mixture of enzymes that degrades ATP to AMP, could abol-
ish both the Ca2 oscillations and the Ca2 wave.
The ability to abolish Ca2 waves in nontransfected cells
provided the experimental means to examine the propaga-
tion of Ca2 waves via gap junctions in HeLa cells trans-
fected with Cx–GFP. The transfected cells appeared to have
functional gap junctions as judged by their ability to dem-
onstrate dye and electrical coupling. Digital high-speed mi-
croscopy was used to analyze the three-dimensional distri-
bution of the gap junctions and ER and the propagation of
Ca2 changes between cells. High temporal (100 images per
second) and spatial resolution (333  333  250 nm pixel
size) reconstructions were obtained by using a short expo-
sure time (possible only with a high-energy laser), a high
numerical aperture lens for maximal light collection, a high-
speed, low-noise CCD (Rizzuto et al., 1998; Kidd et al., 1999;
ZhuGe et al., 1999), and advanced deconvolution software
(Carrington et al., 1995).
In the presence of apyrase, mechanically induced Ca2
waves propagated between cells only at points where a
Cx–GFP gap junction existed. The route of propagation was
often circuitous, as described previously (Sanderson et al.,
1990; Charles et al., 1992; Finkbeiner, 1992), and correlated
with the presence of gap junctions. Although most cells
expressed GFP-labeled gap junctions, cells only participated
in a Ca2 wave if the gap junctions faced the adjacent cell
showing the Ca2 increase. In the presence of apyrase, Ca2
puffs were not observed, a fact that fits well with the distal
location of the perinuclear ER from the gap junction and that
an extracellular factor is absent or inactive. The distance of
wave propagation in transfected cells also seemed to corre-
late with the amount of Cx–GFP expression but did not seem
to correlate with the type of Cx expressed. This suggests that
Figure 8. Digital high-speed microscopy of Ca2 waves mediated by an extracellular messenger in HeLa control cells. A and B show the
reconstructed ER-Tracker signal (green) in 1-m-thick slices through the (A) top of the cells and the (B) middle of the cell. The ER surrounds
the dark nucleus. No GFP-like fluorescence was detected in these untransfected cells. (C1–C6) A Ca2 wave was evoked, in the absence of
apyrase, by mechanically stimulating the cell () on the left (B). The propagation of [Ca2]i changes in the neighboring cell was initiated by
an increase in [Ca2]i (white arrow) that was correlated to the supranuclear ER (A, arrow). These initial Ca2 changes were followed by an
intracellular Ca2 wave that propagated toward the stimulated cell. Recording times after mechanical stimulation are indicated in the bottom
right of each image. The white dotted line represents the cell boundary. Changes of fluo-3 fluorescence at 488 nm excitation, corresponding
to changes in [Ca2]i, are represented in pseudocolor, according to a scale bar. The color scale was chosen to enhance the differentiation of
small Ca2 changes. The color scale numbers represent the minimal, saturating, and maximal percentage changes.
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Cx43, Cx32, and Cx26 each has similar permeabilities for the
diffusing messenger.
These studies in Cx-transfected HeLa cells do not provide
additional information on the identity of the internal mes-
senger. Although IP3 has been shown to be a messenger in
previous studies (Sanderson et al., 1990; Leybaert et al.,
1998a), the fact that no lag in the propagation of a wave
between two cells at the mouth of the gap junction was
observed raises the possibility of a rapid local communica-
tion by Ca2 itself; however, the gap junctions were always
in close proximity to ER, and it is possible that the Ca2 was
released from this source through the action of IP3. It is
unclear why substantially longer lag times are observed in
other cell types (Sanderson et al., 1990; Robb-Gaspers and
Thomas, 1995). One explanation is that the spatial and tem-
poral resolutions, as well as the sensitivity of earlier studies,
were insufficient to detect the very early changes at the
mouth of the gap junction. An interesting approach for
future experiments to determine whether Ca2 itself passes
through gap junctions could be to use cells transfected with
Cx–aequorin chimeras, which have been shown to report
[Ca2]i levels at the mouth of the gap junctions (George et
al., 1998a).
Other studies investigating Ca2 wave propagation in
transfected cells concluded that the forced expression of Cx
resulted in the increased ability to release ATP and thereby
generate larger Ca2 waves (Cotrina et al., 1998). This hy-
pothesis was based on the ability of cells to release ATP in
response to a 30 min stimulation with UTP. How this stim-
ulus correlates to a mechanical stimulus of 150 ms of a single
cell is very difficult to interpret. In this study, the presence of
extracellular apyrase counters the release of additional ATP
by the cells. It is possible that the amount of ATP released
would overcome the effects of apyrase; however, the hall-
mark of ATP-induced waves, i.e., Ca2 puffs and gap junc-
tion-independent intercellular Ca2 waves, were not ob-
served. The concentration of apyrase used was able to
neutralize the effects of at least 50 M ATP. Although the
concentration of released ATP at the stimulated cell may be
high, it would be rapidly diluted by the extracellular space
and therefore would be unlikely to stimulate adjacent cells.
In summary, Cx–GFP-transfected HeLa cells have proved to
be ideal for the study of the mechanism underlying Ca2 wave
propagation. The ability to separate Ca2 changes induced by
ATP from Ca2 changes associated with gap junctions leads to
Figure 9 (cont). sition, the fluorescent GFP image was processed to
set the pixel values to black if less than a selected threshold value.
(B) An outline of the cell boundaries (gray lines) as well as the
positions of the Cx43–GFP plaques (red dots, arrows) were mapped
from the phase-contrast and fluorescence images. (C and D) Digital
video microscopy of the sequential changes in [Ca2]i induced by
mechanically stimulating a single Cx43–GFP HeLa cell (white ar-
row). The time each image was recorded is indicated at the bottom
right. The changes in [Ca2]i are mapped onto the cell outlines (the
expanding gray shaded zone) to correlate the propagation route of
the intercellular Ca2 wave with the location of the Cx43–GFP.
Close inspection reveals that a Ca2 wave only propagates at sites
where two cells are coupled by a gap junction (red dots). Pseudo-
color bar represents changes in [Ca2]i, as measured from the
changes in fura-2 fluorescence, in arbitrary values.
Figure 9. Digital video microscopy of a mechanically induced
intercellular Ca2 wave in HeLa cells expressing Cx43–GFP in the
presence of 40 IU/ml apyrase. (A) A phase-contrast image of Cx43–
GFP HeLa cells superimposed with the corresponding fluorescent
image of Cx43–GFP showing plaques of GFP-labeled gap junctions
(arrows, white patches) that formed between individual cells. To
discard irrelevant background information and before superimpo-
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the conclusion that mechanically induced Ca2 waves can be
propagated simultaneously via an extracellular route or by an
intracellular route via gap junctions.
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Figure 10. Digital high-speed microscopy of intercellular Ca2 waves in Cx43–GFP HeLa cells. The left top panel shows the distribution of
the endoplasmic reticulum and gap junctions reconstructed from ER-Tracker fluorescence (green) and the Cx43–GFP signal (red), respec-
tively, in a 1-m-thick slice through the cells. A white dotted line represents the cell boundary. The pseudocolored time series of images
(right), numbered 1–6, represent the relative changes in fluo-3 fluorescence at the times indicated (bottom right) after mechanical stimulation
of a single cell () in the presence of extracellular apyrase (40 IU/ml). (1, 2) The Ca2 wave propagates to fill the entire cell in the top left.
(3) A small change in [Ca2]i is observed in the adjacent cell at the site of the Cx–GFP gap junction. (4–6) The changes in Ca2 continue to
spread out from the gap junction. The gap junction remains blue because the GFP fluorescence dominates any Ca2-based fluorescence
changes, and therefore the ratio of F/F does not change. The color scale was chosen to enhance the visualization of small [Ca2]i changes,
and numbers represent minimal, saturating, and maximal percentage changes.
Figure 11. Digital high-speed microscopy of a Ca2 wave induced by mechanical stimulation of a single cell in Cx26–GFP HeLa cells. (A)
Ca2 changes in two neighboring cells are analyzed in the vicinity of two gap junctions. The locations of the gap junctions are indicated by
the arrows and are derived from B. The color scale was chosen to enhance the visualization of small [Ca2]i changes, and the numbers
represent minimal, saturating, and maximal percentage changes. (B) The corresponding fluorescent Cx26–GFP image indicates the location
of the two gap junctions and the location of the four analysis points (marked with , area  2.3  2.3 m) that were used to follow changes
in [Ca2]i shown in C. The superimposed white line indicates the location of the adjacent plasma membranes. (C) The time course of [Ca2]i
changes, represented as percentage of relative change of fluo-3 fluorescence, on either side of the two gap junctions at locations 1–4 indicated
in B. These traces indicate that the delay times at the site of the gap junctions are very small. The [Ca2]i increase on the distal side of the
gap junction begins immediately as the [Ca2]i is elevated on the near side of the gap junction but takes several seconds to reach a maximal
level.
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Abstract
Ž 2q.Mechanically poking or damaging a single cell within a confluent astrocyte culture produces the so-called intercellular calcium Ca
waves, that is, cell-to-cell propagating changes of intracellular free Ca2q. We were interested whether intercellular Ca2q waves are also
associated with changes in other intra- or extracellular ions. To that purpose, we investigated spatiotemporal changes of intracellular Ca2q
Ž 2q. Ž q. Ž q.Ca , sodium Na and protons H in primary cultures of rat cortical astrocytes using microfluorescence imaging with fura-2, SBFIi i i
Ž q. qand BCECF, respectively; changes of extracellular potassium K were monitored with K -sensitive microelectrodes. Mechanicale
damage to a single cell by stimulation with a piezo-electrically driven micropipette initiated intercellular Ca2q waves that propagated to
about 160 mm away from the stimulation point. Naq increases could be detected in cells located 2–3 cell diameters from the stimulatedi
cell, acidification was observed 1–2 cell diameters away and Kq increases were measured up to 75 mm away. Kinetic analysis suggestse
that the Naq and Hq changes occur after, and thus secondary to the Ca2q changes. In contrast, Kq changes occurred very fast, eveni i i e
before the Ca2q changes, but their propagation speed was too fast to implicate them as a trigger of Ca2q changes. As Naq is ani i i
important regulator of glycolysis in astrocytes, we hypothesize that astrocytic Naq changes in cells located remotely from a damaged celli
might be a signal that activates glycolysis thereby producing more lactate that is transferred to the neurons and increases their energy
potential to survive the inflicted damage. q 2000 Elsevier Science B.V. All rights reserved.
Keywords: Astrocyte; Calcium signaling; Injury; Ionic change
1. Introduction
Mechanical stimulation of a single cell with a mi-
cropipette results in far propagating changes of Ca2q ini
w xconfluent cultures prepared from astrocytes 47,48 . We
were interested to know whether these cell-to-cell spread-
ing Ca2q dynamics are associated with changes in other
ions in cells remote from the stimulated cell. If other ions
indeed display remote dynamics following a localized
stimulus, then this could form a multi-ion signal that
potentially affects the functioning of other cell types or
structures of the neuropil, such as neurons, vascular cells
and synapses. Mechanical stimulation of a cell is a simple,
but biochemically poorly defined, stimulation protocol to
trigger intercellular Ca2q waves. In the present work, we
chose to apply this kind of stimulus as a model of selective
cell damage. The rationale for this is that we wanted to use
this model of single cell damage as a paradigm to gain
) Corresponding author. Fax: q32-9-240-30-59; e-mail:
luc.leybaert@rug.ac.be
insight in the role of astrocytes with respect to ionic
changes associated with traumatic injury to the central
Ž .nervous system CNS .
Traumatic injury to the brain or spinal cord is indeed
associated with a large disturbance of ion homeostasis
occurring in the acute phase as a consequence of either the
direct destruction of cells or the development of ischemia.
Measurements of ions like Ca2q, Naq and Kq have
documented an intracellularly directed shift of Naq, an
extracellularly directed shift of Kq and an ongoing accu-
2q w x qmulation of Ca into the cells 24 . Ionic changes of Na
and Kq, obviously, affect electrical signaling between
cells, while a disturbance of the cellular Ca2q regulation
mechanisms might affect a myriad of cell functions and
w xmay ultimately lead to cell death 58,64 . Very little effort
has, however, been undertaken to investigate the dynamics
of ionic changes in the intracellular compartment follow-
ing traumatic CNS injury, despite the fact that it is in this
compartment that ionic disturbances will exert their final
effect. In previous work, we have used a spinal cord slice
model in order to obtain information on intracellular
0006-8993r00r$ - see front matter q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S0006-8993 99 02436-1
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changes in Ca2q following focal mechanical cell injury
w x26 . Astrocytes are the most abundant cells of nervous
tissues, making up almost 80% of the total cell number,
and hence, these cells potentially play a significant role in
the generation of post-traumatic ionic shifts.
In addition to a disturbance of the cellular Ca2q home-
ostasis, Ca2q ions could in principle also be implicated in
the pathophysiology of CNS injury through the generation
of intercellular Ca2q waves. Intercellular Ca2q waves can
be triggered in astrocytes by various stimuli, of which
w xdirect mechanical cell stimulation 10 and excess gluta-
w xmate released by neurons 11 are two stimuli that also
occur in the course of traumatic brain or spinal cord injury.
Intercellular Ca2q waves are, in addition, able to propagate
w xfrom astrocytes to neurons 9,34,39 , and as such, they can
be expected to affect neuronal functioning and synaptic
w xtransmission 1,2 at sites remotely located from the injury
w xsite. Sammak et al. 46 have recently given evidence,
albeit in endothelial cells from non-brain tissues, that
intercellular Ca2q waves could act as a signal between
injured and non-injured cells. In the spinal cord slice
model previously referred to, we have also found indica-
tions for the spreading of a Ca2q signal from mechanically
w xinjured to surrounding non-injured cells 26 . The hypothe-
sis we wanted to investigate in the present work was
whether intercellularly propagating Ca2q changes, brought
about by the acute mechanical destruction of an astrocyte,
are associated with intercellularly spreading changes of
ions like Naq, Hq and Kq.
2. Materials and methods
2.1. Cell cultures
Mixed glial cell cultures were prepared using a tech-
w xnique modified after McCarthy and de Vellis 31 . Neona-
Ž .tal rat brains P1–P2 were isolated in ice-cold, oxy-
genated saline. The saline was composed of 0.40 grl KCl,
0.15 grl KH PO , 8.10 grl NaCl, 0.18 grl Na HPO P2 4 2 4
H O and 4.00 grl glucose and titrated to pH 7.3. Pieces of2
frontoparietal cortex were pinched off. After careful re-
moval of the meninges, pieces of cortex were chopped and
Žincubated in trypsin 1= solution prepared from trypsin
w x .10= 1:250 , GIBCO, Merelbeke, Belgium for 20 min.
The supernatant was removed after centrifuging at 1000
rpm for 10 min. The pellet was resuspended in culture
medium. The tissue was further mechanically dissociated
by repeated trituration. The cell suspension was passed on
a 120-mm screen and the filtrate was centrifuged at 1000
rpm for 10 min. The supernatant was removed and the
pellet was resuspended in culture medium and further
triturated. After passing this suspension onto a 20-mm
screen, the number of live cells in the filtrate was esti-
mated using a Burker haemocytometer and trypan blue
staining. The cell suspension was diluted with culture
medium and the cells were seeded in Falcon flasks at a
plating density of 2=105 cellsrcm2. The culture medium
consisted of Basal Medium Eagle supplemented with 10%
ŽFCS, 25 mM glucose and 2 mM glutamine all products
.from GIBCO, Merelbeke, Belgium . The culture medium
was replaced every 3 days. After 7–10 days, confluent
cultures consist of a bottom layer of mainly astrocytes
Ž .type 1 and a top layer of so-called process-bearing cells
w x31 . In order to obtain pure cultures enriched in astrocytes,
Ž .culture flasks were shaken overnight 18 h, 250 rpm and
the cells that had detached, were subsequently discarded
with the medium. The remaining bottom layer of astro-
cytes was collected by brief trypsinization and seeded at
Žequal density onto glass bottom microwell dishes MatTek,
.Ashwood, MA, USA . The astrocytic nature of )95% of
the cells was confirmed using in situ immunostaining for
Ž .glial fibrillary acidic protein GFAP , the astrocytic inter-
mediate filament, using Cy3-labeled anti-GFAP antibodies
Ž .Sigma, Bornem, Belgium .
2.2. Experimental setup
Cytoplasmic Ca2q, Naq and Hq were measured using
the Ca2q-sensitive dye fura-2, the Naq-sensitive dye SBFI
q Žand the H -sensitive dye BCECF, respectively Molecular
.Probes, Leiden, The Netherlands , in combination with
epifluorescence video microscopy and digital imaging. The
cultures were loaded at 378C with 10 mM of the probe in
its acetoxymethylester for 1–2 h in culture medium sup-
Ž .plemented with 0.05% pluronic F-127 Molecular Probes .
Cultures were then washed and left at room temperature
for 30 min in Hanks’ Balanced Salt Solution supplemented
Žwith 25 mM HEPES and titrated to pH 7.4 HBSS–
.HEPES . Thereafter, cultures were transferred to the stage
Ž .of an inverted microscope Nikon, Diaphot, Belgium and
were viewed with a =40 oil immersion lens. An inlet and
an outlet pipette of a superfusion system were positioned
close to the region where measurements were to be per-
formed. The experiments were done with the cells continu-
ously superfused with HBSS–HEPES at a rate of 1 mlrmin
and at room temperature. In zero extracellular Kq experi-
ments, Kq was replaced equimolarly by Naq. In zero
extracellular Naq experiments, Naq was replaced equimo-
larly by N-methyl D-glucamine. The cells were excited
Žwith light alternating between 340 and 380 nm fura-2,
. Ž .SBFI or between 430 and 480 nm BCECF , using a
Xenon lamp in combination with an optical filterswitch
Ž .Cairn, Kent, UK . The dichroic mirrors had a cut-off at
Ž . Ž .400 nm fura-2, SBFI or 510 nm BCECF and the
emission bandpass filter had at a center wavelength of 510
Ž . Ž .nm fura-2, SBFI or 535 nm BCECF . Images were
Žacquired with an intensified CCD camera Extended Isis,
.Photonic Science, UK connected to the microscope output
port. The images were stored on a S-VHS videorecorder
Ž .Panasonic type, Avicom, De Pinte, Belgium and were
replayed for analysis after the experiment. Images were
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Ždigitized and analyzed using an image processor series
.IT151, Imaging Technology, MA, USA connected to a PC
and using custom-developed software in C. Extracellular
Kq was measured using double barreled ion-selective
w xmicroelectrodes prepared as previously described 27 . The
ion barrel of the electrode was silanized using vapour
w xphase silanization 14 and was backfilled with ionophore
Ž .type 60031, Fluka Chemie, Buchs, Switzerland . The
reference barrel was filled with a solution containing 150
mM NaCl and 3 mM KCl. The two barrels were connected
to appropriate high input impedance amplifiers and the
difference potential between ion and reference barrel was
registered on a chart recorder. The electrode was placed
approximately 10 mm above the cells and measurements
were done at 25, 50 and 75 mm away from the stimulation
site.
2.3. Calibration
The fura-2 fluorescence ratio signal was converted to
Ca2q concentration values using in vitro calibrations per-
formed with Ca2q-free and fura-2 saturating solutions con-
q Ž .taining 50 mM fura-2 penta-K salt Molecular Probes
that were sandwiched as a thin layer between two cover-
slips. From these, the calibration parameters R , R ,min max
and F rF were calculated. Intracellular free Ca2q con-o s
Žw 2qx .centration Ca values were calculated using the equa-i
w xtion described by Grynkiewicz et al. 17 , using a Kd
w x w 2qxvalue of 224 nM 20 . Large Ca changes cannoti
accurately be determined using fura-2 and values above 1
mM are therefore simply denoted as )1 mM.
We performed intracellular calibrations for the SBFI
w xprobe, as described by Golovina et al. 16 . Superfusion of
the SBFI-loaded cells with calibration solutions of differ-
q Žent Na concentrations 2, 5, 10, 20, 50, 100, 150 mM
NaCl, with KCl added to a total of 150 mM and further
composed of 1 mM MgCl , 10 mM HEPES and 5.56 mM2
.glucose, pH 7.4 and containing 15 mM gramicidin, 10
ŽmM nigericin, 10 mM monensin and 0.5 mM ouabain all
.products from Sigma produced a dose–response curve of
Ž .the ratio signal with a K of 22.1"6.1 mM ns6 ,d
which is in good accordance to the value of 17–18 mM
w xdescribed by Minta and Tsien 32 . The resting ratio levels
recorded in the cells bathed in their normal superfusate
Ž .HBSS–HEPES were, however, frequently out of range of
the ratios recorded during calibration. It was therefore
impossible to reliably transform the SBFI ratio measure-
ments to cytoplasmic Naq concentrations.
Intracellular calibrations were also done for BCECF,
using calibration solutions of different known pH values
ŽpH 6, 6.5, 7, 7.5, 8, composed of 150 mM NaCl, 3 mM
KCl, 1.8 mM CaCl , 1 mM MgCl , 5.56 mM glucose and2 2
.10 mM MES or HEPES buffer . The probe pK calculatedd
Ž .from these calibrations amounted to 7.0"0.2 ns6 ,
which is in good accordance with the value of 6.98
w x qpublished by Haughland 20 . As for Na , the resting ratio
levels recorded during experiments were sometimes out of
range of the calibration curve and we therefore did not
convert the BCECF ratio measurements to pH values.
Kq-selective electrodes were calibrated in vitro at the
beginning and at the end of each experiment using solu-
q Žtions with known K concentrations 2, 5, 10, 20, 50, 100
mM KCl, with NaCl added to a total of 150 mM and
further composed of 1.0 mM MgCl , 10.0 mM HEPES2
.and 5.56 mM D-glucose, pH 7.4 . The mean electrode
function over this concentration range was linear and
Ž .characterized by a slope constant of 58.8"0.9 mV ns6 .
2.4. Mechanical cell damage
Mechanical cell damage was brought about by mechani-
cal stimulation of a single cell with a stimulus intensity
that was strong enough to disrupt the cell and make it
Ž .leaky. This was done with a small tipped ;2 mm tip
glass pipette mounted on a piezo-electric ceramic strip and
attached to a micromanipulator. The piezo-electric device
was deflected downwards by applying a square voltage
pulse of 100 ms duration. Just before activation, the tip of
the pipette was adjusted so that it was approximately 10
mm above the cell. The amplitude of the activating square
pulse was adjusted such that the electrode tip did just
touch the coverslip upon activation. Application of such
mechanical stimulus caused apparent cell destruction and
subsequent leakiness of the affected cell. Cell leakage was
tested and confirmed by staining with the vital dye trypan
Ž .blue 0.1% trypan blue, applied for 1 min . In the ion
imaging experiments, leakiness of the stimulated cell was
also clearly apparent from the sharp and non-reversible
drop of the fluorescence intensity at the two excitation
wavelengths of the radiometric ion-sensitive probes that
were used.
2.5. Data representation, analysis and statistics
2q Ž .Ca images Fig. 1 are presented as ratiometrically
calculated Ca2q concentrations; images of Naq and Hqi
changes were much more noisy and we therefore present
them as changes in the fluorescence intensity at a single
wavelength. Further spatiotemporal quantification of ionic
changes was done in three different regions concentrically
situated around the damaged cell: a region S located from1
15 to 32 mm away from the stimulation point, a region S2
located from 32 to 63 mm and a region S located from 633
Ž .to 85 mm Fig. 1A . These regions were chosen such that
the circle dividing each region in two areas of equal
surface had a radius of 25, 50 and 75 mm, respectively. In
this way, average changes in each of the three regions
could be attributed to points at a radius of 25, 50 or 75 mm
away from the stimulation point. These analysis regions
were introduced to make analysis of the rather weak SBFI
Ž w x.signal SBFI has a low signal-to-noise ratio 32 possible
by pooling the cells in a region. The specific choice for
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Ž . 2q Ž . q Ž . qFig. 1. Overview of spatiotemporal changes of A Ca , B Na and C H following mechanical cell damage of a single cell in a confluent astrocytei i i
culture. Mechanical damage to a single cell was done with a piezo-electrically driven micropipette, and the cell receiving this stimulus is indicated by a
white arrow. Subsequent ionic changes were monitored by microfluorescence imaging of fura-2, SBFI and BCECF fluorescence, respectively. Ca2qi
images are presented as free concentration maps. In contrast, Naq and Hq images depict changes in fluorescence at one wavelength. All images arei i
pseudocolored according to the color bars shown at the right. The number in the upper right corner of each panel indicates the time after mechanical
stimulation. The white scale bar measures 50 mm. The blue aspect of the mechanically damaged cell in the last three Ca2q images represents unreliablei
2q Ž .Ca values because the fluorescence at the two excitation wavelengths had dropped because of leakage of fura-2 out of this cell below a threshold level.
Similarly, in the Naq and Hq images, the fluorescence changes in the damaged cell are complicated by changes in dye concentration and thus do noti i
Ž q.reflect true changes of ion concentration. Also note the poor signal-to-noise ratio of the SBFI images Na , which necessitated pooling of the cellular datai
Ž .in circular analysis regions as illustrated in the last panel of image sequence A S , S and S .1 2 3
partitioning the zones was done to facilitate comparison of
the fluorescence data with the microelectrode data. For
Žeach region, the time-to-onset the time from the stimulus
2q .to the onset of the Ca response and the time-to-peak
Ž 2qthe time between the onset of the Ca change and the
.reaching of a peak of the ionic changes were calculated in
order to allow comparison of the kinetics of these changes.
The data are expressed as mean"S.E. In between brack-
ets, the number of experiments performed on different
cultures is mentioned. For some results, the number of
cells from which the data were drawn is also given. The
data of individual cells were averaged per experiment and
the overall average was calculated from the values ob-
served over different experiments. Data were compared
using an unpaired t-test and a p value below 0.05 was
considered as statistically significant.
3. Results
3.1. Astrocytic intercellular Ca2q waÕes induced by me-
chanical cell damage
Selective damage to a single cell within a confluent
astrocyte culture resulted in a sharp and irreversible drop
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of the fura-2 fluorescence at the two excitation wave-
lengths in the affected cell, indicating cell leakage and loss
of fura-2, and transient fluorescence changes in neighbor-
Žing cells going down at 380 nm excitation and going up at
.340 nm excitation . Stainings with trypan blue confirmed
that this stimulation, which will further be referred to as
‘mechanical cell damage’, resulted in damaging one, and
in a few exceptions, a second neighboring cell. Ca2q
imaging experiments with fura-2 showed that mechanical
cell damage initiated an intercellular Ca2q wave that prop-
agated over the culture in a radial way to a maximal radius
Ž . Ž . 2qof 160"18 mm ns18 Fig. 1A . These Ca changes
were analyzed in three different regions concentrically
situated around the damaged cell: a region called S lo-1
cated between 15 and 32 mm away from the stimulation
point, a region S located between 32 and 63 mm and a2
Žregion S located between 63 and 85 mm see last panel of3
.Fig. 1A . The particular divisions made here allow to
attribute the average changes in each of the three regions
to points at 25, 50 or 75 mm radius away from the
Žstimulation point point measurements with the extracellu-
q . 2qlar K -electrodes were done at these locations . Ca
Ž .changes and all other ionic changes were not analyzed in
the zone of 15 mm around the stimulation point because
this region contained the mechanically damaged cell.
ŽIn S , about 25% of the cells 9 out of 37 cells, from1
. w 2qx Žns6 experiments had a Ca of )1 mM normali
.resting value 107"11 nM, ns16 . In the major fraction
w 2qxof cells, the peak Ca change averaged 668"46 nMi
Ž .28 cells, ns6 . Recovery to the normal resting value was
complete within 4 min in all cases. In S , about 10% of2
Ž . w 2qxthe cells 7 cells out of 67, ns7 had a Ca )1 mM,i
w 2qxwhereas the Ca increase amounted to 546"61 nMi
Ž . Ž .60 cells, 7 experiments in the majority ;90% of the
w 2qx Žcells. In S , Ca was increased by 382"59 nM 383 i
. w 2qxcells, ns6 ; none of the cells in this region had Ca i
values above 1 mM. The average time course of Ca2q
changes in each of the analysis regions are illustrated in
Fig. 2. The kinetics of these Ca2q changes, that is, the
time from the stimulus to the onset of the Ca2q response
Ž . 2qtime-to-onset and the time between the onset of the Ca
Ž .change and the reaching of a peak time-to-peak , were
calculated from the relative changes of the fura-2 fluores-
cence ratio and are summarized in Table 1. The time-to-
Žonset was significantly different in the three regions p-
.0.05 and increased from S to S . The time-to-peak1 3
increased slightly from S to S , but these values were not1 3
significantly different between the three regions. We calcu-
lated the propagation speed of these travelling Ca2q
Žchanges, from stimulation point to S i.e. to the center of1
.S and also between the different analysis zones, by1
Ž .dividing the distance traveled 25 mm in each case by the
Žaverage time to travel this distance time-to-onset for S ;1
.difference in time-to-onset for S –S and S –S . The1 2 2 3
propagation speeds between different zones were signifi-
Ž .cantly different p-0.05 and amounted to 23"4 mmrs
from stimulation point to S , 36"6 mmrs from S to S1 1 2
Ž .and 16"1 mmrs from S to S ns6 for all .2 3
2q q q q Ž .Fig. 2. Overview illustrating time courses of Ca , Na , H and K changes expressed as the relative change in fluorescence ratio DRrR , except fori i i e
Kq which is expressed in millimolar concentration. DRrR traces represent data pooled from the regions S , S or S ; each trace is derived from onee 1 2 3
representative experiment and is the average of at least four different cells. The Kq traces represent point measurements done at 25, 50 and 75 mme
Ždistance from the damaged cell, that is, at points to which the average of the respective S zones can be attributed electrode tip at ;10 mm above the
.cells . The black arrow indicates application of the cell damaging stimulus.
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Table 1
Magnitude and kinetics of spatiotemporal ionic changes following single cell mechanical damage in confluent cultures
a b c dŽ . Ž . Ž .Ion Region distance Peak change DRrR % Time-to-onset s Time-to-peak s Number of cellsr
enumber of experiments
2qCa S 180"37 1.1"0.2 6.8"1.5 28r6i 1
S 129"13 1.8"0.3 7.5"1.6 52r62
S 92"16 3.4"0.3 9.0"1.2 38r63
qNa S 31"7 1.0"0.3 10.4"1.2 21r5i 1
S 23"5 3.2"0.3 11.0"1.2 22r62
qH S 28"6 2.0"1.3 21.0"4.1 14r5i 1
q f gK 25 mm 4.4"0.4 mM – 1.3"0.1 7 Experimentse
50 mm 3.4"0.1 mM – 2.6"0.1 6 Experiments
75 mm 1.0"0.1 mM – 4.4"0.4 6 Experiments
a Ž .In experiments with fura-2, SBFI and BCECF, the cells were subdivided into three concentric regions around the damaged cell: S 15–32 mm , S1 2
Ž . Ž . q32–63 mm and S 63–85 mm . K measurements with ion-selective micro-electrodes were performed at 25, 50 and 75 mm, that is, at the surface center3 e
of the respective regions.
b
DRrR denotes the relative change in fluorescence ratio of the fura-2, SBFI and BCECF signal. All ratio changes listed denote statistically significant
changes with a p of at least below 0.01.
c Defined as the time between the start of the mechanical stimulus and the reaching of 10% of the peak change.
d Defined as the time interval between the reaching of 10% and 100% of the peak change.
eDenotes the total number of cells from which the data were drawn. Average data were calculated over the number of experiments, not over the number of
cells.
f Kq peak changes are expressed as molar concentrations. The resting Kq concentration was 6 mM.e e
g The onset of Kq changes occurred too fast to be reliably resolved.
3.2. Spatiotemporal changes of intracellular Naq follow-
ing mechanical cell damage
Imaging of Naq changes was done with the Naq-sensi-
tive probe SBFI. Superfusion of an astrocyte culture with a
zero extracellular Kq solution resulted in a gradual in-
q Ž .crease of intracellular Na Fig. 4A . This is in accordance
w xwith the findings of Rose and Ransom 43 , and is ex-
plained by inhibition of plasmalemmal NaqrKq-ATPase
activity and passive influx of Naq into the cells. Mechani-
cal cell damage applied to a single astrocyte triggered Naq
changes in several surrounding cells sometimes occurring
up to 66 mm away from the stimulation point, and these
intracellular Naq changes disappeared in zero extracellular
q Ž .Na conditions ns6; data not shown . Representative
SBFI fluorescence images are illustrated in Fig. 1B and
average SBFI ratio traces are depicted in Fig. 2. The peak
and kinetics of Naq changes were analyzed in regions S1
and S , and are given in Table 1. Peak relative ratio2
changes appeared somewhat smaller in S compared to S ,2 1
but this difference was not statistically significant. The
onset of the Naq changes occurred significantly later in S2
Ž .than in S p-0.0005 . The propagation speed of the1
q Ž .Na changes amounted to 25"7 mmrs ns5 from the
Ž .stimulation point to S and 11"1 mmrs ns6 from S1 1
to S . The time-to-peak was not significantly different in2
the two zones. Compared to the Ca2q changes, the onset
of the Naq changes occurred significantly later in region
Ž . Ž .S p-0.005 not significantly different in region S .2 1
q Ž .The rise time to the Na peak time-to-peak , averaged
Ž .over S and S , was also significantly greater p-0.011 2
as compared to the rise time of the Ca2q peak in these
regions. The slower kinetics of Naq as compared to Ca2q
changes suggest that the Naq changes occur secondary to
the Ca2q movements. A plausible mechanism could be
that the increase in cytoplasmic Ca2q increases the activity
q 2q w xof the plasmalemmal Na rCa exchanger 55 , thereby
extruding Ca2q and transporting Naq into the cell. To get
evidence for NaqrCa2q exchange activity, we performed
Ca2q imaging experiments in zero extracellular Naq con-
ditions. Ca2q changes induced by mechanical cell damage
were characterized by a peak followed by a fast, but
Žincomplete recovery to 364"26 nM 32 cells, ns6; cells
of S , S and S were pooled as Ca2q recovered to virtual1 2 3
.identical values in the three regions followed by a steady
Fig. 3. Effect of omitting extracellular Naq on the recovery phase of
Ca2q increases triggered by mechanical damage of a single cell andi
monitored in the S region. The traces shown are drawn from a represen-1
tative experiment and depict the average of six cells within S . Ca2q is1 i
Ž .expressed as the relative change in fura-2 fluorescence ratio DRrR .
Under zero extracellular Naq conditions, the Ca2q recovery trace re-i
tained its initial fast phase, but subsequent recovery was impaired and
occurred at a very slow rate. Ca2q only recovered to its initial restingi
levels upon re-addition of Naq to the extracellular solution.
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Žshoulder that showed very little recovery displaying a
gradual decline of intracellular Ca2q at a rate of 1.77"
.0.47 nMrs; ns6 . Complete recovery only occurred after
re-introduction of Naq into the superfusate, that is, upon
Ž .switching to normal HBSS–HEPES Fig. 3 . These experi-
ments illustrate that the Naq-dependent phase of Ca2q
recovery commences immediately after the Ca2q peak, and
thus suggest that the cell damage-induced Naq changes,
which also take place at that moment, are the consequence
of plasmalemmal NaqrCa2q exchange activity.
3.3. Spatiotemporal changes of intracellular H q following
mechanical cell damage
Imaging changes of Hq was performed with the Hq-
sensitive fluorescent probe BCECF. Control experiments
were done with a standard protocol of inducing transient
Hq changes by shortly exposing the cells to an NH Cl4
containing superfusate, in order to evaluate the probe
response. Application of a 20 mM NH Cl containing4
HBSS–HEPES solution produced a transient alkalinization
Ž .followed by a rebound acidification Fig. 4B , as would be
w xexpected 49 . Mechanical cell damage inflicted to a single
astrocyte induced Hq changes in a limited number of
surrounding cells, with changes observed up to 45 mm
from the stimulation point. Fig. 1C illustrates representa-
tive BCECF fluorescence images and Fig. 2 depicts aver-
age BCECF ratio traces. The peak and kinetics of the
q Žinduced H changes were analyzed only in region S see1
. qTable 1 as the number of cells showing significant H
changes in S was too small. The time-to-onset of the Hq2
changes appeared somewhat longer as compared to the
Naq changes, but the difference was not statistically sig-
Fig. 4. Naq and Kq changes following mechanical cell damage asi i
Ž .compared to changes of the same ions induced by other protocols. A
Representative trace illustrating Naq changes in response to mechanicali
Ž .cell damage black arrow and exposure of the cells to a zero extracellular
q Ž q . Ž . qK condition K . B Representative trace of H changes followinge i
Ž .mechanical cell damage black arrow and following transient exposure to
Ž .ammonium chloride NH Cl . NH Cl exposure produces an alakaliniza-4 4
tion, while withdrawal elicits a rebound acidification. The data points for
both traces were drawn from six cells within S in two experiments on1
different cultures.
Ž . qnificant. The rise kinetics time-to-peak of the H changes
Ž .were, in contrast, significantly slower ps0.02 as com-
q Ž 2q .pared to the Na changes and certainly the Ca changes ,
suggesting that these changes occur secondary to the Naq
or Ca2q changes.
3.4. Changes of extracellular K q following mechanical
cell damage
In order to document possible shifts in the distribution
of Kq we performed point measurements of extracellular
Kq using Kq-selective microelectrodes. Measurements
were done at 25, 50 and 75 mm away from the cell
damaging stimulation point. Mechanical damage of a sin-
gle astrocyte triggered transient changes of extracellular
Kq that could be detected up to 75 mm away from the
Ž .stimulation point see Table 1 . Fig. 2 illustrates average
time courses of Kq changes at the respective measurement
points. It was apparent that the kinetics of the Kq changes
were much faster, and both time-to-onset and time-to-peak
Ž .were significantly smaller p-0.01 as compared to these
kinetic parameters of Ca2q, Naq and Hq changes.
4. Discussion
The present experiments were performed in order to
investigate the spreading of ionic shifts in a population of
astrocytes following mechanical damage inflicted to a
single cell. The experiments show that mechanical cell
damage results in changes of Ca2q that are propagated asi
intercellular Ca2q waves over about 150 mm, and that
these cell-to-cell propagating Ca2q changes are associated
with propagating changes of intracellular Naq, traversing
about 50 mm, and of intracellular Hq, reaching about 25
mm, that is, to the cells adjacent to the stimulated cell. The
kinetics of these changes suggests that Naq and Hq
changes occur secondary to the Ca2q changes. Mechanical
cell damage also resulted in changes of extracellular Kq
and the fast kinetics of these changes suggest that they are
not occurring as a direct consequence of intercellular Ca2q
waves.
We used a reduced working model involving single cell
damage in astrocyte cultures so as to investigate astrocyte-
related post-traumatic ionic dynamics in isolation. This
model is certainly not intended as a paradigm to replicate
and study ionic changes as they would occur in the in vivo
setting of traumatic injury to the CNS: other models
involving, for example, cell-stretch applied to a large
population of astrocytes have been successfully applied to
w x Žthat purpose 44 in vitro models for mechanical injury are
w x.reviewed in Ref. 33 . Instead, the presently used single
cell damage model was used to specifically address the
question whether major and important ions like Naq, Kq
and Hq display cell-to-cell propagating changes over the
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astrocytic network around the injury site, as occurs with
Ca2q.
Mechanical stimulation of a single cell in a confluent
astrocyte culture with a microneedle is a well-known
stimulus to initiate an intercellularly propagating Ca2q
w xwave 10 . This stimulus is thought to act either through
w xactivation of membrane-bound phospholipase C 59 or
w xthrough opening of mechanotransducing ion channels 5 .
The subsequent propagation away from the stimulated cell
is dependent on the intercellular diffusion of inositol
Ž . 2qtrisphosphate IP that releases Ca from IP -sensitive3 3
w xstores 4,48,59 . Recent evidence also clearly implicates an
w xextracellular messenger in wave propagation 12,13,17,19 .
This extracellular messenger is presumably ATP, which is
Ž .regeneratively released by yet unknown mechanisms upon
an increase of intracellular Ca2q, and produces Ca2q
w xchanges in neighboring cells 18,19 . Recent work of our
group on astrocyte to endothelial Ca2q signaling after
single astrocyte mechanical damage also points to a role of
ATP in signal extension between these two cells types
w x36 . With regard to the presently used cell-damaging
Žstimulation protocol, ATP present at millimolar concentra-
w x.tions 50 and perhaps also metabolic glutamate liberated
from the destroyed cell upon plasmamembrane rupture
may, in addition, contribute to the extracellularly diffusing
pool of putative Ca2q agonists.
In general, the direction of the described ionic changes
is in accordance with the data available from measure-
ments in in vivo models, which indicate an increase of
Ca2q and Naq, a loss of cellular Kq and a short-livedi i
intracellular acidification occurring all in close temporal
w xrelation to the actual mechanical damage 24,27,53,65,66 .
Our experiments showed intracellular Naq changes that
could be detected several tens of micrometers away from
the damaged cell and that were completely dependent on
extracellular Naq. The SBFI probe used to monitor Naq
changes has a good selectivity for Naq as compared to Kq
and is not affected by pH changes in a range of pH
w x q6.5–7.5 20 . The observed Na dynamics thus probablyi
reflect genuine changes in cytoplasmic Naq contents. The
time course of these Naq changes lagged behind the time
course of Ca2q changes, as indicated by the significantly
different kinetic parameters, suggesting that these changes
occur as a consequence of intracellular Ca2q changes or as
a consequence of the messengers producing these Ca2q
changes. A direct effect of IP on intracellular Naq, through3
activation of a monovalent cation channel, has been re-
w xported 51 , but there is little evidence that such conduction
is also present in astrocytes. Similarly, a direct effect of
ATP on intracellular Naq is neither likely because astro-
cytes only express metabotropic P and P purinoceptors2U 2Y
w x q21,45 that do not directly affect Na entry pathways. A
reasonable explanation is that the propagating Naq changes
q 2q Žare caused by Na rCa exchange acting in its normal
. 2qmode to extrude the cellular Ca load that is associated
with the intercellular Ca2q wave in exchange for extracel-
lular Naq. Several authors have indeed reported on the
presence of NaqrCa2q exchange activity in astrocytes in
w xculture and in situ 15,22,23,55,56 . Our observation that
the slow phase of Ca2q recovery is Naq-dependent corrob-
orates this view and further indicates that Naq-dependent
Ca2q recovery takes place in a time window where the
peak Naq changes occur.
Measurements with the Hq probe BCECF demonstrated
a short-lived acidification that could be detected 15–30
mm away from the cell-damaging stimulus, meaning that
these changes are only observed in the first one or two
Žrows of neighboring cells the average astrocyte diameter
.in confluent cultures is in the range of 15–20 mm . The
rise kinetics of these Hq changes were significantly slower
as compared to the Naq and Ca2q changes, suggesting
that they occur as a consequence of either of these changes.
In our experiments, cell cultures were continuously super-
fused with a HBSS–HEPES during ion imaging, meaning
that under those nominally HCOy-free conditions,3
NaqrHq exchange is the major mechanism regulating
w xintracellular pH in astrocytes 6,41 . Additionally, an alka-
linizing Hq pump may be active at the plasmamembrane
w x y37 . Other, HCO -dependent pH regulating mechanisms3
such as Naqr2HCOy cotransport and HCOyrNaqrCly3 3
w x Ž .exchange 49 are partially impaired. One possibility is
that the observed Hq changes occur secondary to the Naq
q q Žincrease as a consequence of Na rH exchange acting in
. qreversed mode to extrude Na in exchange for extracellu-
lar Hq. Alternatively, the measured Hq changes may
occur as a consequence of the Ca2q changes that peaked in
the micromolar range in the cells just adjacent to the
damaged cell. A Ca2q increase can, in principle, trigger
Hq changes by displacing protons from binding sites on
w xintracellular buffers 60 , but in that case, one would
expect the Hq changes to occur with kinetics more closely
resembling the kinetics of Ca2q changes. A more plausible
link between Ca2q and Hq resides in mitochondrial Ca2q
buffering: mitochondria aid in eliminating large cytoplas-
2q w xmic Ca loads 62 , as observed in our experiments in the
cells adjacent to the damaged cell, and an increase of
mitochondrial Ca2q uncouples electron transport and leads
q w xto an increase of cytoplasmic H concentration 61 . Still
another possibility to explain the observed Hq changes is
that they are caused by the release of agonists such as
Žglutamate from the damaged cell e.g., from the large
.metabolic pool of glutamate . Glutamate and its analogues
q Žhave indeed been shown to induce H changes in addi-
2q .tion to the Ca changes in astrocytes upon bath applica-
w xtion 8,40 . However, given the low cytoplasmic concentra-
w xtions of glutamate 25 , such a mechanism is very unlikely.
Measurements of extracellular Kq with ion-selective
microelectrodes placed close to the cells revealed far
reaching Kq changes upon single astrocyte damage. These
changes preceded the Ca2q changes and can therefore not
be the consequence of intracellular Ca2q changes. We
were a little surprised by these fast Kq dynamics, as
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initially, we had expected much slower changes mediated
by Kq efflux through Ca2q-activated Kq channels that are
w xknown to be present in cultured astrocytes 42 . The only
reasonable explanation we can give at this moment is that
the observed Kq changes are the result of the release of
the Kq pool from the damaged cell and the rapid diffusion
away from this point source. A simple modeling exercise
whereby 140 mM of cellular Kq is redistributed from a
cell volume of 2.4 pl into a hemisphere of 75 mm radius
and 884 pl of volume, shows that Kq concentrations in the
order of 0.4 mM can be expected, which is in the order of
Žmagnitude of the 1 mM observed at 75 mm distance see
. qTable 1 . In addition, the fast diffusion constant of K
Ž y5 2 w x.Ds1.96.10 cm rs in H O, see Ref. 3 predicts a2
root mean square displacement of 84 mm in the first 0.6 s
after the damaging stimulus, which is compatible with the
observed Kq transients within 0.6 s at a distance of 75 mm
away from the stimulation point.
As a consequence of the increased extracellular Kq, the
cells will depolarize, and as the Kq changes occur so fast,
they could, in principle, be involved in the generation of
changes in the other ions. The much slower kinetics and
propagation speeds of Ca2q, Naq and Hq changes, how-
ever, preclude any close relation to the Kq changes. In
addition, electrical events do not seem to contribute to the
2q w xspreading of intercellular Ca waves 48 , elevating exter-
nal Kq does not seem to result in significant Naq influx
q w xthrough voltage-sensitive Na channels in astrocytes 54 ,
and astrocyte depolarization induces intracellular alkalin-
w xization instead of acidification 7,52 and this effect is
y w xHCO -dependent 38 .3
The most significant observation of this study is that
mechanically damaging a single astrocyte produces, in
addition to the reasonably far propagating intercellular
Ca2q waves, also propagating Naq changes that extend
over approximately a third of the distance traveled by the
Ca2q wave and occur secondary to this Ca2q wave. Al-
though the spatial spreading of these intracellular ionic
changes might seem limited with respect to the macro-
scopic dimensions of nervous tissues, one should consider
that cell damage in the in vivo situation will be much more
pronounced, resulting in a multitude of events reported
here, not only in the place, but presumably also in time
because of a volley of intercellular Ca2q waves originating
from injured cells. Post-traumatic astrocytic intercellular
Ca2q waves have been proposed to play several possible
roles, including their functioning as a signal stimulating
the motility of surrounding glial cells to grow into the
w xwound site and promote scar formation 35 , as a signal
w xpropagated to the synapses 1,2 where it disturbs synaptic
transmission, or as a signal propagated to the endothelial
w xcells 28 . In this last case, the communicated endothelial
Ca2q increase can be hypothesized to increase the perme-
ability of the blood-brain barrier thereby triggering the
development of edema, or to stimulate transendothelial
glucose uptake so as to increase the local energy potential
w xfor subsequent tissue repair processes 36 . Very interest-
ing work of the group of Magistretti et al. has demon-
strated that an increase of intracellular Naq is a key event
in neuro-glial metabolic coupling as a factor stimulating
w xastrocytic glycolysis following activation 29,30,57,63 .
Monocarboxylate end-products of glycolysis, like lactate,
w xare then shuttled to the neurons as energy substrate 40 .
We hypothesize that post-traumatic intercellularly propa-
gating Naq changes act to stimulate glycolysis in neigh-
boring non-injured astrocytes thereby producing more fuel
for the neurons so as to increase their chance to survive the
inflicted trauma.
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 Chapter 6 
Conclusions 
 
Paper 1: Glia 1998 Dec;24(4): 398-407 
In this paper, we explored the hypothesis that astrocyte-endothelial Ca2+ 
signals can be communicated as intercellular Ca2+ waves. We furthermore 
investigated the contribution of an intracellular gap junction-mediated pathway in 
such heterotypic cell communication. 
The experiments were performed on primary rat brain astrocyte cultures, 
ECV304 cells and astrocyte-endothelial co-cultures that were prepared from these two 
cell types. In these and all subsequent experiments, the cells were loaded with Ca2+-
sensitive probes and changes of [Ca2+]i were monitored using a microfluorimetric 
Ca2+-imaging setup. Intercellular Ca2+ signaling was investigated in co-cultures of 
glial and endothelial cells using mechanical stimulation of single cells. Flash 
photolysis of caged-IP3 and caged-Ca
2+ was used to investigate the intracellular gap 
junction-mediated pathway.  
Our results indicate that intercellular Ca2+ waves induced by mechanical 
stimulation of a single cell in co-culture can propagate from astrocytes to ECV304 
cells and vice versa. Intercellular Ca2+ waves induced by flash photolysis of IP3 can 
propagate from endothelial cell to astrocyte but not vice versa. The intracellular gap 
junction-mediated pathway appears thus to be unidirectional from endothelial cells to 
astrocytes. Photolytic release of Ca2+ from caged-Ca2+ is not sufficient to induce an 
intercellular propagating Ca2+ signal. This indicates that either not enough Ca2+ is 
being released by flash photolysis or that the gap junctional channels are not 
permeable to Ca2+. As to the first hypothesis, Ca2+ is intracellulary bound to immobile 
buffers which reduce Ca2+ diffusion considerably. If an insufficient amount of Ca2+ is 
being released by flash photolysis of caged-Ca2+, saturation of the intracellular Ca2+ 
buffers may not be achieved thereby restricting Ca2+ diffusion to the flashed cell. The 
second hypothesis is questionable as it is known that gap junctional channels are 
permeable for Ca2+. Permeability studies on gap junctions  have however shown that 
 gap junctional channels may close at high [Ca2+]i. Thus, the possibility that flash 
photolysis of caged-Ca2+ might have increased [Ca2+]i to such a level remains.  
Paper 2:  Eur J Neurosci 2001 Jan;13: 79-91 
We studied whether in addition to the intracellular gap junction-mediated 
pathway also an extracellular purinergic pathway would contribute to astrocyte-
endothelial Ca2+ signaling as has been shown for homotypic Ca2+ signaling in other 
cell types. 
These experiments were performed on astrocyte-endothelial co-cultures that 
were prepared from primary astrocyte cultures and ECV304 cells. A protocol was 
developed to isolate BCECs from rat cortical capillaries and these cells were co-
cultured with rat brain astrocytes. Flash photolysis of caged-IP3 was used to 
investigate the intracellular gap junction-mediated pathway. The extracellular 
purinergic Ca2+ signaling pathway was studied using mechanical stimulation of single 
cells in the presence of the P2 purinoceptor antagonist suramin and of the ATP-
degrading enzyme apyrase. 
Our results indicate that both pathways (intracellular IP3/gap junction-mediated, 
extracellular purinergic) are involved in astrocyte-endothelial Ca2+ signaling at least in 
the astrocyte-ECV304 co-culture. Contrary to the previous paper, we found that the 
intracellular IP3/gap junction-mediated pathway is bidirectional, suggesting that the 
concentration of IP3 reached in the previous experiments upon flash photolysis was 
not sufficient to provoke propagation of Ca2+ waves from astrocytes to endothelial 
cells. IP3 -triggered calcium signals in endothelial cells showed extensive propagation 
in astrocytes; by contrast, calcium signals triggered in astrocytes only extended to a 
single endothelial cell. A possible explanation for this difference may reside in 
differences in the efficiency of electroporation loading. Endothelial cells are thicker 
than astrocytes, thus closer to the electroporation electrode and more efficiently loaded 
with caged IP3. Consequently, a larger absolute amount of IP3 will be released in 
endothelial cells. An alternative explanation is that flash photolysis in endothelial cells 
releases additional extracellular (purinergic) messengers that contribute to wave 
propagation towards astrocytes. The observation that the photolytic release of IP3 in a 
single astrocyte initiates Ca2+ signals in only a single row of  endothelial cells adjacent 
to the astrocytes, may be physiologically relevant as the in vivo BBB capillary is lined 
 by a single endothelial cell layer with each of these cells in close contact with 
astrocyte endfeet. The basement membrane separating endothelial cells and astrocytes 
in BBB capillaries in vivo is often interpreted as continuous and not interrupted by 
gap junctions, making the physiological significance of the intracellular IP3/gap 
junction-mediated pathway questionable. Our experiments indicated that a low degree 
of gap junctional coupling is sufficient to mediate astrocyte-endothelial Ca2+ 
signaling, raising the possibility that a very small density of gap junctions at the BBB 
might play a role and have escaped morphologic detection so far. The purinergic 
messenger involved in astrocyte-endothelial Ca2+ signaling could exert its paracrine 
effect by diffusion across the basement membrane at the BBB. Astrocyte-to-
endothelial Ca2+ signaling was confirmed in the co-cultures of astrocytes and BCECs. 
BCECs in co-cultures organized into capillary-like structures loosely attached to the 
culture dish which made the adequate stimulation of a single BCEC impossible. 
Therefore endothelial-to-astrocyte Ca2+ signaling could not be tested in co-cultures of 
astrocytes and BCECs.  
Paper 3: Exp Brain Res 1999 Jun;126(4): 473-81 
The previous data suggest that an extracellular purinergic messenger is 
involved in astrocyte-endothelial Ca2+ signaling. In this paper we studied and 
compared the effects of ATP and other extracellulary applied putative Ca2+ mobilizing 
agonists on BCECs, as these are potential modulators of the BBB in vivo. We also 
examined the occurrence of intercellular Ca2+ waves in BCECs.   
The experiments were performed on capillary endothelial cells isolated from 
rat cortical capillaries. We characterized the Ca2+ responses of BCECs to chemical, 
hyperosmolar and mechanical stimuli. 
 Several physiological agonists evoke Ca2+ changes in BCECs in culture, such 
as substance P, histamine, bradykinin and ATP. Furthermore, the receptors for these 
agonists appear to be unequally distributed on these cells which suggests that regional 
heterogeneities in receptor distribution may be present in capillaries from different 
brain regions. The largest fraction of cells responds to ATP, indicating that the 
purinergic hypothesis in astrocyte-ECV304 Ca2+ wave propagation is relevant to the 
native BBB endothelial cells. Substance P also appears to be a significant Ca2+ agonist 
in a large fraction of BCECs. Our data suggest that hyperosmolar solutions, used in 
 vivo to open the BBB, do not exert their effect through a Ca2+ signaling mechanism, 
as the observed Ca2+ changes are very small. Finally, primary cultures of BCECs do 
not propagate intercellular Ca2+ waves upon mechanical stimulation of a single cell 
whereas in passaged cultures (small) waves are observed upon mechanical 
stimulation. Several hypotheses may be put forward to explain these last observations 
including absence of mechanosensitive receptor mechanism in these cells, absence of 
gap junctional coupling or absence of the purinergic messenger release machinery. 
The fact that passaged BCECs do propagate intercellular Ca2+ waves may be 
explained by the fact that one of the above mentioned possible mechanisms becomes 
activated upon passaging. Other stimulation protocols such as photolytic liberation of 
second messengers should be tested for their potential to trigger intercellular Ca2+ 
signaling in BCECs. 
Paper 4: Mol Biol Cell 2000 May;11(5):1815-27 
As evidence accumulated for both an intracellular IP3/gap junction-mediated 
pathway and an extracellular purinergic pathway in astrocyte-endothelial Ca2+ 
signaling, we developed a model system allowing experimental ‘dissection’ of the two 
pathways to study them separately and to investigate subcellular differences between 
the two propagation pathways. 
We prepared cultures from gap junction deficient HeLa cells to investigate the 
extracellular purinergic pathway. A separate culture was set up of HeLa cells that were 
transfected with plasmids encoding for GFP-labeled connexins. HeLa cells expressing 
GFP-labeled gap junctions were used to study the intracellular gap junction-mediated 
pathway, by eliminating the contribution of extracellular purinergic messengers using 
apyrase. 
These experiments demonstrated subcellular differences between the two Ca2+ 
signaling modes. In untransfected HeLa cells and in the absence of apyrase, cell-to-
cell propagating [Ca2+]i changes were characterized by initiating Ca
2+ puffs associated 
with the perinuclear ER. By contrast, in connexin-GFP transfected HeLa cells and in 
the presence of apyrase, [Ca2+]i changes were propagated without initiating 
perinuclear Ca2+ puffs and were communicated between cells at the sites of the GFP-
labeled gap junctions. These experiments furthermore illustrate that intercellular Ca2+ 
 waves can be propagated simultaneously through both pathways, and that any of these 
pathways in separation is sufficient for intercellular Ca2+ signal propagation. 
 
Conclusion paper 1 to 4: 
 We have presented evidence for bidirectional astrocyte-ECV304 Ca2+ 
signaling in co-culture, involving both an extracellular purinergic pathway and an 
intracellular IP3/gap junction-mediated pathway (Fig. 13). The co-existence of both 
pathways was confirmed in HeLa cells including a subcellular analysis of their distinct 
features. Using co-cultures of astrocytes with primary endothelial cells isolated from 
brain capillaries, we showed astrocyte-to-BCEC Ca2+ signaling in an in vitro model of 
the rat BBB. The existence and role in vivo of the two Ca2+ signaling pathways 
mentioned, is unclear. The extracellular purinergic pathway seems most relevant to 
the native BBB, as ATP induces a Ca2+ increase in a large fraction of BCECs and as 
endothelial cells and astrocytes are separated by a continuous basement membrane. 
However a low level of gap junctional coupling is sufficient for significant IP3-
mediated Ca2+ signaling leaving the possibility that such limited number of gap 
junctions has escaped morphologic detection at the BBB.  
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Figure 14. Proposed mechanisms of astrocyte-endothelial intercellular Ca2+ signaling. 
Astrocytic intercellular Ca2+ waves can be induced by a mechanical stimulus (MS) 
applied to a single cell or by the photolytical release in a single cell of the second 
messenger IP3 from its caged precursor and consist of [Ca
2+]i increases propagating 
between consecutive rows of cells. The MS is thought to activate membrane-
associated PLC leading to intracellular production of IP3. IP3 acts on the IP3R which 
releases Ca2+ from intracellular stores (mainly the ER) by opening a Ca2+ channel. 
Astrocytes (A) show extensive gap junctional coupling allowing intercellular IP3 
diffusion. Intercellular Ca2+ waves mediated by such intracellular IP3/gap junction 
pathway can propagate towards endothelial cells (EC) through a small number of gap 
junctions coupling adjacent astrocytes and endothelial cells. An extracellular 
purinergic messenger also mediates astrocyte-endothelial Ca2+ signaling. Cellular 
nucleotides (ATP, ADP,…) may be released by the MS and recent evidence indicates 
that Ca2+ by itself can trigger purinergic messenger release suggesting that 
regenerative ATP release takes place in the course of a propagating Ca2+ signal. The 
extracellular messenger acts on P2Y purinoceptors (P2YR), which are both present on 
the astrocytic and endothelial cell PM. The purinergic messenger action increases the 
cytoplasmic IP3 and Ca
2+ concentration by a G-protein and PLC signaling cascade. 
This picture does not show the subcellular differences observed between the 
extracellular purinergic messenger pathway, characterized by initial perinuclear Ca2+ 
puffs, and the intracellular IP3/gap junction pathway, characterized by initial Ca
2+ 
changes that occur at the mouth of the gap junctions. For reasons of clarity 
endothelial-to-astrocyte intercellular Ca2+ signaling has not been shown (see text for 
details). 
 
 
 
 
 
 Paper 5:  J Neurotrauma 2000 Apr;17(4): 345-58 
We hypothesized that astrocyte-endothelial Ca2+ signals play a role as a 
pathologic signal between both cell types in neurotrauma. 
 In these experiments we used a stronger mechanical single cell stimulus to 
invoke single astrocyte damage in astrocyte-ECV304 co-cultures. This mechanical cell 
damaging stimulus was used as a model for neurotrauma selectively applied to 
astrocytes. 
Large Ca2+ waves are observed following single astrocyte damage, with 
propagation towards endothelial cells in co-cultures. Inversely, propagation of 
intercellular endothelial Ca2+ waves towards astrocytes in co-cultures was observed 
upon single endothelial cell damage. An extracellular diffusable factor is involved in 
the propagation of such intercellular Ca2+ waves as these waves are biased by fast 
superfusion flow and can cross a cell-free lane between astrocytes and endothelial 
cells. This extracellular diffusable factor is purinergic in nature as the intercellular 
Ca2+ wave propagation induced by single cell damage is inhibited by the presence of 
the P2 purinoceptor antagonist suramin and is inhibited by the presence of the enzyme 
apyrase. This inhibition is only partial which suggests an additional role for the 
intracellular IP3/gap junction-mediated pathway in such waves. Purinergic Ca
2+ 
signaling from astrocytes towards endothelial cells may be a mechanism involved in 
BBB disruption and may influence BBB transport mechanisms.   
Paper 6: Brain Res 2000 Feb 28;857(1-2): 235-45 
Astrocytes largely outnumber other cell types in brain tissue and constitute 
about half the volume of the brain. Brain trauma thus also involves a sizeable 
component of traumatic damage to the astrocytes. This was the rationale to study 
whether single cell damage produces, in addition to Ca2+ waves, propagating changes 
in other ions.  
A mechanical cell-damaging stimulus was applied to a single cell in a mono-
culture of astrocytes. Intracellular Na+, pH and Ca2+ changes were measured using 
ion-sensitive fluorescent probes and changes of these intracellular ions were 
monitored using a digital microfluorescence imaging setup. Extracellular K+ changes 
were measured using a K+-selective micro-electrode. 
 We observed significant intracellular Na+ changes in cells located up to 66 mm 
away from the stimulated cell. The kinetics of these changes suggest the [Na+]i 
changes are secondary to the  Ca2+ wave event. [Ca2+]i changes appear to be preceded 
by [K+]e changes. The origin of the  [K
+]i changes is unclear but a likely explanation is 
that they derive from K+ released from the stimulated and damaged cell. 
Conclusion paper 5 to 6: 
 Astrocytic intercellular Ca2+ signals induced by single cell trauma are 
propagated to endothelial cells mainly through the extracellular pathway and are 
associated with significant changes in [Na+]i. We propose that these signals are 
involved in the disruption of the BBB following neurotrauma but also in the repair of 
neural tissue because an increase of astrocytic [Na+]i is associated with increased 
production of lactate in these cells that acts as energy substrate for the neurons. 
 
 Chapter 7 
Future perspectives 
 
We have presented evidence for bidirectional astrocyte-endothelial Ca2+ signaling in 
co-culture, involving both an extracellular purinergic pathway and an intracellular 
IP3/gap junction-mediated pathway. Several questions remain for future investigation: 
 
- A first challenge would be to confirm the results in organotypic brain slices (or 
even in the brain in vivo). Refined imaging of [Ca2+]i using confocal 
microscopy is currently being developed to validate our hypothesis. Flash 
photolysis is the method of choice but caged compounds will have to be 
released in a small and defined volume of the slice. This can be achieved by 
micro-injecting caged compounds and by uncaging messengers using the two-
photon excitation technique. 
- Further work will be needed to establish the role and function of intercellular 
Ca2+ signals at the BBB. One interesting hypothesis is that astrocyte-
endothelial Ca2+ waves are involved in neurovascular metabolic coupling. 
Glutamate, released through neuronal activity, could initiate astrocytic 
intercellular Ca2+ waves, which could be propagated to endothelial cells and 
act as a signal to temporarily increase the extraction of glucose from the blood. 
There exist several methodological approaches to investigate the relation 
between Ca2+ and the cellular glucose homeostasis. Experiments are in 
preparation to perform such studies by dual labeling using a fluorescent Ca2+ 
sensitive dye and a fluorescent glucose analogue (nitrobenzyl-2-deoxyglucose, 
2-NBDG). Furthermore, we plan to develop a fluorescent glucose 
concentration-dependent dye using the so-called FRET-based cameleon dyes 
concept (FRET = fluorescent resonance energy transfer). 
- The mechanism of ATP release in Ca2+ wave propagation remains to be 
elucidated. Recent experiments in our lab have shown that IP3 and also Ca
2+ 
are potent triggers of ATP release. This IP3- or Ca
2+-triggered ATP release is 
drastically reduced by connexin mimetic peptides, indicating that IP3- or Ca
2+-
 triggered ATP release is mediated by a connexin-dependent pathway167. 
Recent work by Stout et al.229 corrobates this view and suggests that ATP 
release occurs through connexin hemichannels. Other pathways should 
however also be investigated  including vesicular release230, facilitated 
diffusion through anion channels231, involvement of the cystic fibrosis 
transmembrane conductance regulator232 and multidrug-resistance P-
glycoprotein233.
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